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CONVERSION FACTORS, U. S. CUSTOMARY TO 
METRIC (SI) UNITS OF MEASUREMENT 

U. S. customary units of 

converted to metric (SI) units 

Multiply 

acres 

cubic yards 

feet 

feet per day 

feet per minute 

inches 

pounds (force) per square foot 

pounds (mass) per cubic foot 

square feet 

square feet per day 

square inches 

tons (force) per square foot 

measurement used in this report can be 

as follows: 

By To Obtain 

4046.873 square metres 

0.7645549 cubic metres 

0.3048 metres 

0.3048 metres per day 

0.3048 metres per minute 

0.0254 metres 

0.04788026 kilopascals 

16.01846 kilograms per cubic metre 

0.09290304 square metres 

0.09290304 square metres per day 

645.16 square millimetres 

95.76052 kilopascals 



PROCEDURES FOR PREDICTION OF CONSOLIDATION IN SOFT 

FINE-GRAINED DREDGED MATERIAL 

PART I: INTRODUCTION 

Background 

1. Diked containment areas are used to retain dredged material 

solids while allowing the carrier water to be released from the contain- 

ment area. The two objectives inherent in the design and operation of a 

containment area are to provide adequate storage capacity to meet dredg- 

ing requirements and to attain the highest possible efficiency in re- 

taining solids during the dredging operation in order to meet effluent 

suspended solids requirements. These considerations are basically inter- 

related and depend upon effective design, operation, and management of 

the containment area. 

2. The major components of a dredged material containment area 

are shown schematically in Figure 1. A tract of land is surrounded by 

dikes to form a confined surface area, and the dredged channel sediments 

are then pumped into this area hydraulically. Storage capacity of a con- 

tainment area is defined as the total volume available to hold dredged 

material and is equal to the total unoccupied volume minus the volume 

associated with ponding and freeboard requirements. 

3. After fine-grained dredged material undergoes sedimentation 

within a containment area, self-weight consolidation occurs resulting in 

gains in storage capacity. The placement of dredged material also im- 

poses a loading on the containment area foundation; therefore, additional 

settlement may result due to consolidation of compressible foundation 

soils. Settlement due to consolidation is therefore a major factor in 

the estimation of long-term storage capacity. Since the consolidation 

process is slow, especially in the case of fine-grained materials, it is 

likely that total settlement will not have taken place before the con- 

tainment area is required for additional placement of dredged material. 

8 
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Figure 1. Elements of a confined disposal 
area (after Montgomery 1978) 

For this reason, the time-consolidation relationship is also an important 

consideration in estimating long-term containment area storage capacity. 

4. The estimation of long-term storage capacity is an important 

consideration for long-term planning and design of new containment areas 

or evaluation of the remaining service life of existing sites. Guide- 

lines for estimating gains in long-term storage capacity due to con- 

solidation were initially developed as part of the Corps of Engineers' 

Dredged Material Research Program (DMRP) (Palermo, Montgomery, and 

Poindexter 1978). The guidelines were later published as Engineer 

Manual (EM) 1110-Z-5006 (Headquarters, Department of the Army 1980). 

The guidelines are based on the principles of small strain consolida- 

tion theory and consider the self-weight consolidation behavior of newly 
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placed dredged material. Procedures for application of the finite 

strain theory of consolidation to soft dredged fill layers were not 

available when initial guidelines were developed. Inclusion of the 

finite strain technique and procedures for handling multiple lifts in 

this report represent a refinement of existing procedures. 

Purpose and Scope 

5. The purpose of this report is to document studies refining 

the procedures for calculating the consolidation behavior of confined 

dredged material and verifying their applicability to field problems. 

Conventional oedometer consolidation testing and constant rate of strain 

testing were used to define the consolidation parameters of highly com- 

pressible fine-grained dredged material from three field sites. Results 

of the laboratory tests were used to predict consolidation behavior at 

these sites. These results were then compared to actual field data ob- 

tained from instrumentation and surveys. 

6. Specific objectives of the verification studies documented in 

this report include the following: 

a. - Evaluate the adequacy of hand calculation procedures 
in estimating ultimate magnitude of potential dredged 
material consolidation. 

b. - Evaluate the adequacy of small strain consolidation theory 
in estimating rate of dredged material settlement. 

c. Evaluate the adequacy of the finite strain theory of - 
consolidation in estimating rate of dredged material 
settlement. 

d. - Develop refined hand calculation procedures for estimating 
dredged material settlements for any number of lifts de- 
posited over a period of time. 

e. Evaluate the adequacy of standard oedometer consolidation - 
tests in defining a material's consolidation parameters 
for fine-grained dredged material. 

Related Studies 

7. This report is one of a series to be published documenting 

10 



results of verification studies concerning all aspects of containment 

area design, operation, and management. Related topics in other reports 

include: design for effective sedimentation, hydraulic efficiency, de- 

sign for initial storage capacity, techniques for chemical clarification 

of effluent, and dredged material dewatering. A closely related study 

concerns the evaluation of computer-based mathematical models for calcu- 

lation of consolidation behavior due to repetitive dredging operations 

occurring over long time periods. 
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PART II: CONSOLIDATION THEORY AND PROCEDURES 

8. The design of confined disposal areas for fine-grained 

dredged material during and immediately after a single disposal opera- 

tion is a relatively simple and straightforward exercise utilizing the 

results of column sedimentation tests as described in previous reports 

(Montgomery 1978; Palermo, Montgomery, and Poindexter 1978). However, 

the efficient design of such areas subject to numerous disposal opera- 

tions occurring intermittently over a period of years requires con- 

sideration of the consolidation behavior of the fine-grained materials. 

Successful prediction of the consolidation behavior of fine-grained ma- 

terials requires an understanding of the theoretical basis governing the 

process and the procedures whereby the theory can be applied to real 

dredged material in the actual containment area. The purpose of this 

part of the report is to provide the theoretical background and proce- 

dures necessary for a rational evaluation of dredged fill consolidation 

as a function of the material's consolidation properties and as a func- 

tion of time. 

General Problem Description 

9. The ideal dredged material disposal operation involves the 

discharge of a uniform slurry into a confined area where the slurry 

undergoes an initial sedimentation and later self-weight consolidation. 

For maximum efficiency, the area should be relatively large in surface 

area and the lifts relatively thin (3-5 ft).;t The slurry distribution 

should be uniform over the area. A pond of water is maintained over the 

area during disposal to facilitate sedimentation. This ponded water 

also promotes a more uniform slurry distribution. 

10. Once the slurry is exposed to the more quiescent conditions 

of the containment area, several things happen. The coarser grains 

(sands and larger particles) immediately fall out and form a mound at 

;k A table of factors for converting U. S. customary units of measure- 
ments to metric (SI) is presented on page 7. 
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the point of inflow. Since this material assumes its final configura- 

tion essentially as soon as it is deposited, there is a direct relation- 

ship between its volume before and after dredging, and it will not be 

further considered. The remaining fine-grained material is carried 

rather quickly to all other parts of the area where it initially settles 

by mechanisms described either as zone settling or flocculent settling. 

In zone settling, particles consist of individual grains, while in floc- 

culent settling, particles consist of aggregations of grains (floes). 

At some point in this initial sedimentation, soil particles and/or floes 

begin touching each other and form a continuous matrix. Further set- 

tling becomes controlled by the rate at which water can be expelled from 

the soil matrix rather than how fast the particles and/or floes can des- 

cend through the water. When this continuous matrix is formed, further 

settlement is governed by the process called "primary consolidation." 

11. While the above may be an oversimplification of the dredged 

material disposal operation, it basically describes the mechanisms con- 

sidered in containment area design and enables some simplifying assump- 

tions in the theoretical development of the problem. The first of these 

assumptions is that the consolidation process is one-dimensional. A one- 

dimensional formulation is possible because the depth of the consolidat- 

ing layer is usually very small in comparison to its area1 extent. The 

next assumption is that the material is completely saturated because it 

is deposited as a slurry and will normally be subjected to ponded water. 

Lastly, it may be assumed that the initial void ratio in the layer at 

the start of consolidation can be determined from a column sedimentation 

test as described by Montgomery (1978). This last assumption is valid 

if the fine-grained material is spread quickly and evenly over the en- 

tire containment area. 

12. Any deviation from the ideal simplified disposal operation 

will have a bearing on the accuracy and even relevance of theoretical 

solutions. Since there is no way to account for the many possible varia- 

tions in the operation of a particular area in a practical analysis, the 

results must be tempered with good engineering judgment, and allowances 

must be made for a less than ideal operation. However, a theoretical 
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approach still provides a rational basis for an estimate of the disposal 

area settlements. 

One-Dimensional Primary Consolidation 

13. There are many variations of the theory of one-dimensional 

primary consolidation. These variations come about because of the dif- 

ference in simplifying assumptions made at particular points in the deri- 

vation of the governing equation. The original and most simple govern- 

ing equation was derived by Terzaghi (1924). Because of its simplicity, 

it has received widespread use among geotechnical engineers and contin- 

ues to be the first choice when a quick approximation of settlements is 

required. Since it is used so often, the Terzaghi or "small strain 

theory" (as it will subsequently be called) will also be presented so 

that an appreciation for the limiting qualifications it implies may be 

gained. 

14. In contrast to the small strain theory, a governing equation 

first advanced by Gibson, England, and Hussey (1967) will also be de- 

veloped. This theory is the most general thus far presented for one- 

dimensional consolidation and is particularly suited for describing the 

large settlements common to the primary consolidation of fine-grained 

dredged material. Because large strains are accounted for in this 

theory, it has been and will here be referred to as the "finite strain 

theory." 

Small strain theory 

15. The governing equation for small strain consolidation theory 

is based on the continuity of fluid flow in a differential soil element, 

Darcy's law, a linear stress-strain relationship for the soil matrix, 

and the effective stress equation. 

16. The equation of fluid continuity may be established by consid- 

ering the differential soil element fixed in space and flow conditions 

as shown in Figure 2 where the coordinate x is an independent variable 

not related to time. The quantity of water flowing into the element, 

which is assumed to be completely saturated, per unit area can be 

14 



c FLOW OUT OF ELEMENT 

t FLOW INTO ELEMENT 

Figure 2. Fluid flow through a differential soil element 

calculated by the expression 

n l v l y 

W 

(1) 

where n is the volume porosity and assumed to be the proportion of the 

cross-sectional area conducting fluid, v is the actual velocity of the 

water, and y 
W 

is the unit weight of water. The quantity of water flow- 

ing out of the element per unit area is 

n l v l y 

W u,) dx (2) 

17. The difference in the quantity of water flowing in and the 

quantity flowing out of the element is equal to the time rate of change 

of the quantity of water in the element. The quantity of water in a 

saturated element per unit area can be written 

15 



n *  ax l y 

W 
(3) 

or 

since 

e -----*dx*~ l+e W 

e n=- 
l+e 

(4) 

(5) 

where e is the void ratio in the element. Thus, its time rate of 

change is 

a - 
at (6) 

18. Now dx/(l + eo) defines the volume of solids in the dif- 

ferential element at the initial time if e. is the initial void ratio. 

At some later time the volume of solids in the element has increased 

since water has been expelled and it remains saturated. However, if 

small strains are assumed, the volume of solids in the element remains 

essentially constant and 

dx dx ___ = ___ = constant 1 + e. l+e 

Therefore, Equation 6 can be written 

if y 
W 

is constant with respect to time also. 

19. Equating this time rate of change to inflow minus outflow re- 

sults in 

a - n-v* 
ax ( yw) dx + 

ye dx ae = o 
1 + e. at (9) 

which reduces to 

ah l VI+ 1 ae 
ax 1+ e. at = O (10) 

if y 
W 

is also constant with respect to the vertical coordinate. 

20. Equation 10 is the equation of fluid continuity expressed in 

16 



terms of seepage velocity and void ratio. This equation can be put in a 

more familiar form by application of Darcy's law. Again applying the 

restriction that strains are small and, additionally, that seepage 

velocities remain in the laminar range, Darcy's law can be used to re- 

late seepage velocity to excess pressure head in the soil element. The 

usual form of the equation is 

n -v= -k ah 
ZIX 

where k is soil permeability and h is excess pressure head. The 

equation of fluid continuity can now be written 

ak ah + k a2h 1 ae 0 -m-------z ax ax ax2 1 + e. at 

(11) 

(12) 

and if soil permeability is considered a constant quantity, Equation 12 

reduces to 

k&m 1 
ax2 

ae - 0 
l+eoat- (13) 

21. By equating the excess head to its equivalent excess pressure 

term by 

(14) 

Equation 13 becomes 

k a2u 1 ae - 0 
---l+eoat- Y 2 w ax 

(15) 

where u is the excess pore pressure. 

22. At this point a stress-strain or effective stress-void ratio 

relationship must be introduced. The simplest and the one originally 

proposed by Terzaghi is 

de 
da' = -a V 

(16) 

where O' is effective vertical stress and av is called the coef- 

ficient of compressibility. Substituting this relationship into Equa- 

tion 15 results in 

17 



k 8'~ av aa' --+--=o 
Y 2 w ax 1 + e. at (17) 

23. By application of the effective stress principle, the effec- 

tive stress can be expressed in terms of total stress and pore water 

pressures: 

ad a0 auk -z-m- 
at at at (18) 

where CJ is the total stress and u W is the total pore water pressure 

which is composed of a static or steady-state water pressure and an ex- 

cess pressure. By definition, the time rate of change of the static 

pressure is zero, auo/at = 0 . Therefore, 

ad aa au -=---..- 
at at at 

and Equation 17 can be written 

k(1 + Ed) a% au a0 -z-e- 
a;Jav ax2 at at 

(19) 

(20) 

which is the Terzaghi consolidation equation. 

24. The more usual form for the governing equation for small 

strain consolidation theory is obtained by setting 

(21) 

where c V is called the coefficient of consolidation and by setting the 

time rate of change of total stress to zero, so/at = 0 , since many 

situations can be portrayed through a one time quick application of a 

constant consolidating load. Thus, the governing equation is 

a2u au C - 
v ax2 - = at 

(22) 

for small strain consolidation theory with constant boundary loads. 
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Finite strain theory 

25. The governing equation for finite strain consolidation theory 

is based on the continuity of fluid flow in a differential soil element, 

Darcy's law, and the effective stress principle similar to the small 

strain theory. However, finite strain theory additionally considers ver- 

tical equilibrium of the soil mass and places no restriction on the form 

of the stress-strain relationship. Other differences will become appar- 

ent during the governing equation development in this section. 

26. Figure 3 defines a differential soil element of constant unit 

plan area whose vertical coordinate 5 is free to change with time (un- 

like the previous coordinate, x , of Figure 2) such that the element 

continuously encloses the same solid soil particles. Thus, there is no 

FLOW INTO 

Figure 

f 

STRESS AT 801 TOM ((7) 

3. Equilibrium and flow conditions in a differential 
soil element 
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limit to the strain which the element may undergo. Also shown in the 

figure are total stress and flow conditions at the top and bottom of the 

element. 

27. The weight W of the element is the sum of the weights of 

the pore fluid and solid particles: 

W = (eYw + ‘I(,) & (23) 

where y 
S 

is the unit weight of the soil solid particles. Therefore, 

equilibrium of the soil mixture is given by 

CJ+$ Jik.- dC + (eYw + us> 1 + e - u = o (24) 

which means 

?!Z+ 
ey, + Y, 

at l+e = 0 (25) 

28. It is also necessary to establish an expression for equilib- 

rium of the pore fluid. If the total water pressure u 
W 

is decomposed 

into its static and excess parts, 

but 

and, therefore, 

au au 
$-gqp=o 

au 
$ = 7, 

au 
-Jf+y,- 
aE 

$0 

(26) 

(27) 

(28) 

29. The equation of fluid continuity is derived similarly to that 

for small strain theory except that now the fluid velocity must be de- 

fined as a relative velocity equal to the difference in the velocities 

of the fluid and solids in the soil matrix: 

v=v -v f s (29) 

Therefore, the fluid continuity equation is 
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a 
C 

e -~ 
ac l+e ("f - vs) 1 dt + &(& e) = 0 (30) 

30. Now dE/(l + e) defines the volume of solids in the differ- 

ential element; and since a time-dependent element enclosing the same 

solid volume throughout the consolidation process has been chosen, the 

quantity dE/(l + e) defines the volume of solids for all time. Equa- 

tion 30 can therefore be reduced to 

a 
@ lfe C 

~ (Vf -vs) + 1 1 ae 0 --= 
l+eat 

31. The velocity terms in the above equation may be eliminated by 

application of Darcy's law which can be written in terms of E coordi- 

nates as 

n(vf k au - vs) = - - 
Y, x (32) 

32. Equation 32 substituted into Equation 31 results in 

--..!.m%=, 
l+eat (33) 

where k will not be assumed constant but a function of the void ratio 

which varies with depth in the layer. 

33. By using Equation 28 to replace the excess pressure term and 

the effective stress principle to replace the resulting total pore pres- 

sure term, Equation 33 can be written 

i a - 
Y, z 

1 ae 0 ---------= 
l+eat (34) 

34. The term for total stress may be eliminated from the above by 

substitution of the relation in Equation 25 such that 

i a 
k;,x k 

H 

ey w + % 
Yw- l+e 

A!$ )I 1 ae 0 m--z 
l+eat (35) 

Equation 35 is the governing equation for finite strain consolidation, 

but this form is very difficult to solve because of the time dependency 

of the coordinate system. 

35. Ortenblad (1930) proposed a coordinate system uniquely suited 
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for calculating consolidation in soft materials such as fine-grained 

dredged fill. These reduced coordinates are based on the volume of 

solids in the consolidating layer and are therefore time-independent. 

Transformation between the time-dependent E coordinate and the time- 

independent z coordinate is accomplished by the equation 

dz = & 

36. Additionally, by utilizing the chain rule for differentiation, 

the relationship 

aF 
az= 

aF g 
z dz (37) 

can be written where F is any function. (See Gibson, Schiffman, and 

Cargill (1981) for a more mathematically correct treatment of this 

tional relationship.) 

37. Applying Equations 36 and 37 enables Equation 35 to be 

written 

YS 1 aa' ae ----- --=o 
y 

W Y, az )I at 

or 

% - us) & [&T] + & [yw(t+ e) S] + iit = O 

Again, by the chain rule of differentiation, the relationship 

aF= dF ae -- 
a2 de az 

can be written and Equation 39 thus becomes 

which constitutes the governing equation of one-dimensional finite strain 

func- 

(38) 

(39) 

(40) 

(41) 

consolidation in terms of the void ratio e and the functions k(e) 

and a'(e) 

38. An analytical solution to Equation 41 is not practical, but 

once appropriate initial and boundary conditions are specified, its 
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solution by numerical techniques is feasible with the aid of a computer 

(see Cargill 1982). Of course, the relationships between permeability 

and void ratio and effective stress and void ratio must also be speci- 

fied. 

39.. In its present form, the governing equation for finite strain 

consolidation is highly nonlinear. Gibson, Schiffman, and Cargill (1981) 

have shown how it may be linearized and its solution simplified through 

the use of nondimensional variables. As shown in their paper, there are 

two basic assumptions necessary for the linearization of Equation 41. 

The first is that there is a function 

s(e) = - 
k 

Yw(l + e) ZZ' (42) 

which is constant over the range of void ratios expected in the problem 

for which a solution is sought. The similarity between g and c of 
V 

small strain theory should be noted. If g can be assumed constant, 

the governing equation becomes 

2 
ae + (y, - 
az2 

I(,> & ($) 2 = ; i$ (43) 

which is still nonlinear due to the variable coefficient 

h(e) = - k (g) (44) 

If h may also be assumed constant, void ratio would then obey the 

linear equation 

a2e - - h(Ys 
az2 

- y,) ?&2$ (45) 

Implications of assumptions 

40. It is appropriate here to examine the implications of the as- 

sumptions previously made in formulating the small strain and finite 

strain theories of consolidation as they apply to the fine-grained mate- 

rials common to most dredged fill operations. The assumptions of satura- 

tion and one dimensionality are not examined since they are basic to the 

development of both theories and, in general, are valid assumptions. 
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41. The validity of assuming small strains for dredged material 

as was necessary in obtaining the Terzaghi equation may be judged from 

the strain measured by Hammer (1981) in prototype tests. After only 

1 year of consolidation, strains of over 50 percent were measured in 

some of the test areas which contained dredged material from Mobile Bay. 

This suggests that if a small strain formulation is to be used, some 

method of constantly updating the computation to account for these large 

strains must be included. 

42. Figure 4 shows an effective stress-void ratio curve developed 

from oedometer tests conducted by the U. S. Army Engineer Waterways Ex- 

periment Station (WES) on a typical fine-grained dredged material. The 

applicability of a constant relationship for soil compressibility (an 

assumption of the small strain theory) should be evaluated in light of 

these test data. 

43. In linearizing the finite strain formulation, Equation 44 was 

used. This equation implies an exponential relationship between void 

ratio and effective stress of the form 

e = (coo - em> exp (-ha') + eo3 (46) 

where e 00 is void ratio at zero effective stress and eo3 is the void 

ratio at infinite effective stress. Such a curve is also shown in Fig- 

ure 4 where A , e 
00 ' and coo were chosen to give the best apparent 

fit to the oedometer test data. As can be seen, there is a close simi- 

larity between the curves. The fact that Equation 46 is good only for 

limited ranges is shown by Figure 5 where the oedometer test data are 

extended into the higher stress ranges. As can also be seen, totally 

different values of h , coo , and e o3 must be used to get an accept- 

able fit with test data. 

44. Using small strain theory to analyze the oedometer data of 

the dredged fill for each increment of applied load (where small strain 

theory is most applicable), an estimate of the variation of permeability 

with void ratio can be obtained. Then using the specific value of per- 

meability with the corresponding value of void ratio and the specific 

value of coefficient of compressibility at the same void ratio, the 

24 



6.0 
WHERE: coo= 6.0 

coo = 2.5 

h = 5.35 

5.0 

Q, 4.0 

0 
P 

2 
0 
0 
> 3.0 

2.0 

I .o 

0 
0 0.2 0.4 0.6 0.6 1.0 

U’, TSF 

Figure 4. Exponential void ratio-effective stress relationship 
compared to oedometer data, O-l.0 tsf 

25 



7.0 

6.0 

5.0 

Q) 4.0 

0 

F 

2 
a 
0 
’ 3.0 

2.0 

1.0 

0 

WHERE: coo = 5.0 

e = I .I5 

A = 0.75 

\ 
\ 

OEDOME TER DATA 

0 2.0 4.0 6.0 8.0 10.0 12.0 

CT’, TSF 

Figure 5. Exponential void ratio-effective stress relationship 
compared to oedometer data, O-12.0 tsf 

26 



variation of the coefficient of consolidation with void ratio can be ob- 

tained. Figure 6 shows the resulting curves. The accuracy of these 

curves could be improved by using smaller increments of load, but are 

considered adequate to illustrate the implications of assuming a con- 

stant permeability or constant coefficient of consolidation. 

45. As can be seen, for the material tested, the assumption of a 

constant coefficient of consolidation is very good for void ratios be- 

tween 3 and 7. The assumption is fair for void ratios less than 3 be- 

cause, at the lower void ratios, the coefficient of compressibility 

varies less and there is less change in void ratio for typical changes 

in effective stress. This constancy, no doubt, is one of the primary 

reasons for the popularity of the small strain theories. 

46. Also shown in Figure 6 is the variation of the finite strain 

coefficient of consolidation g with void ratio. This quantity appears 

to be more constant at the lower void ratios. 

47. When considering the importance of these various assumptions, 

it is important to remember that rarely can the validity of one assump- 

tion be used to justify a particular analysis procedure. For instance, 

the engineer unfamiliar with the basics of small strain theory might 

look at the fact that cv in reality is essentially a constant and con- 

clude that small strain theory is the best method of analyzing a consoli- 

dation problem. However, when he is told or remembers that before such 

a quantity as c 
V 

existed it was necessary to assume that the coeffi- 

cient of compressibility av is constant, it may become apparent that 

a finite strain formulation is better. 

Secondary Consolidation 

48. The process of secondary consolidation or creep in fine- 

grained soils has not received nearly as much attention or study as pri- 

mary consolidation; therefore, its prediction is not generally possible. 

Terzaghi and Peck (1967) have stated that the secondary settlement of 

buildings on "normally loaded clay" can be between l/8 and l/2 in. per 

year based on experience. If these experiences hold true for typical 

27 



b 

\ 

\ 
0 * P 

a ollw aioh 
m N 



dredged material deposits, it could be that secondary consolidation is 

insignificant and can therefore be ignored. 

49. Clearly there is a requirement for research geared specifi- 

cally to the secondary consolidation behavior of fine-grained dredged 

material before it is completely discounted as negligible since it is 

generally known that organic soils found in some dredged material ex- 

hibit a high degree of secondary consolidation. However, it is possible 

to gain some insight into the order of magnitude of secondary settle- 

ments in nonorganic dredged material by looking at the time curves from 

oedometer testing. 

50. Figure 7 shows a typical time curve plotted from the results 

of an oedometer test on dredged material from Craney Island. It is com- 

monly accepted that the portion of the settlement beyond the point of 

100 percent primary consolidation as identified in the figure is due to 

secondary consolidation. The average rate of secondary settlement in- 

dicated by this curve between 100 and 3000 min is 0.9 in. per year. 

Though this amount is somewhat higher than the l/8 to l/2 in. per year 

from Terzaghi and Peck, it is still a relatively insignificant amount in 

comparison to the settlements due to primary consolidation. 

51. Three consolidation tests on fine-grained nonorganic sedi- 

ments and dredged material conducted by the WES indicated secondary set- 

tlement rates varying between 0.2 and 1.9 in. per year with an average 

value of 0.7 in. per year. Based on these tests, it was concluded that 

secondary consolidation is negligible in comparison to primary consoli- 

dation for nonorganic dredged material and will therefore be disregarded. 

This conclusion is, of course, based on limited data and future research 

may indicate differently. 

Desiccation Consolidation 

52. The last type of consolidation to be considered here is that 

due to the physical drying of fine-grained materials by the environment. 

There are basically two phenomena which control the amount of consolida- 

tion caused by desiccation. 
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53. The first process involves the evaporation of water from the 

upper sections of the dredged material and thereby a reduction in its 

moisture content which causes a reduction in void ratio or volume occu- 

pied due to the negative pore water pressure induced by the drying. 

Haliburton (1978) has presented some empirical relationships based on 

class A pan evaporation estimates which provide rough estimates of the 

amount of consolidation due to desiccation of the upper material. These 

equations require the assumption that the material remains saturated 

throughout the desiccation process and therefore an inch of water loss 

is equated to an inch of material settlement and that desiccation is a 

linear function of evaporation potential independent of material depth. 

The method is the only one presently available and can be used where 

very rough estimates are required and where field experience indicates 

the assumptions are justified. 

54. The other process involves the additional primary consolida- 

tion in lower material caused by the lowering of the water table due to 

desiccation of the upper material. When the free water surface is low- 

ered, buoyant forces above the new level are canceled, and the material 

below the new level is therefore subjected to an additional surcharge. 

This additional surcharge induces an additional excess pore pressure 

which is dissipated during the primary consolidation process. The ulti- 

mate settlement of the dredged material will be greater in this case 

than if the water table had remained at or above the surface because of 

the increase in effective stresses through the layer. From a theoreti- 

cal standpoint, there is also a possibility that this effect will be off- 

set to some degree due to the lowered permeability in the desiccated 

layer. If fact, where dredged material deposition is occurring almost 

continuously, it may be counterproductive to the long-term capacity of 

the site if intermediate layers are only allowed to dry to the point of 

thin surface crust formation just before a new layer is placed. However, 

if the drying is taken to the point of crack formation, experience indi- 

cates that the effects are beneficial to long-term storage capacity. 
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Governing Equation Solutions 

55. Now that the equations governing the one-dimensional primary 

consolidation of fine-grained dredged material have been theoretically 

derived, it remains to solve the equations so that they may be used to 

compute time-dependent settlements in practical problems. In the solu- 

tion procedures to follow, it is assumed that the final or ultimate 

settlement has been previously calculated by assuming complete dissipa- 

tion of excess pore pressures and some relationship between void ratio 

and effective stress. Particular methods of calculating this final set- 

tlement will be given in the next section. 

56. Even though solutions of the governing equation of small 

strain theory have been published numerous times, a brief recapitulation 

will be given here for completeness. Solutions of the governing equa- 

tion of finite strain theory are limited to those published by Gibson, 

Schiffman, and Cargill (1981) and do not cover the cases of double 

drainage nor the initial conditions found in a dredged fill. Therefore, 

the solutions will be more fully developed here. 

Small strain solutions 

57. The general solution of Equation 22 is greatly simplified by 

introducing the nondimensional variables 

and 

x=x 

T cVt =- 
ss H2 

(47) 

(48) 

where X is the nondimensional layer height, H is the length of the 

longest drainage path in the consolidating layer, and T is the non- ss 
dimensional small strain time factor. That is, if h is the thickness 

of the layer then H = h for drainage from one surface and H = h/2 

for drainage from both surfaces. In nondimensional terms, the governing 

equation is then 
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a2u au 
- = aT ax* ss 

(49) 

which can be solved analytically for u for many different initial and 

boundary conditions (Carslaw and Jaeger 1959). 

58. Once an expression for u throughout the consolidating 

layer has been determined, the percent consolidation U can be calcu- 

lated as 

H 

J 
u(X) dX 

U(Tss) = 1 - ; 

J- uooCO dX 
0 

(50) 

where u(X) is the excess pore pressure distribution at time factor 

T and u ss ooCX) is excess pore pressure distribution at time factor 

T = 0 . ss Thus, the percent consolidation is actually a measure of the 

excess pore pressure dissipated, although in small strain theory it can 

also be interpreted as a measure of the ultimate settlement currently 

achieved. 

59. Figure 8 shows the solutions of Equations 49 and 50 for a 

layer drained from one surface and three commonly encountered initial 

conditions. Curve I represents a uniform initial excess pore pressure 

distribution as would be found in a foundation layer which was suddenly 

subjected to a surcharge of large area1 extent. Curve II represents an 

initial excess pore pressure varying linearly from a maximum at the top 

of the consolidating layer to zero at the bottom. This is approximately 

the case when a surcharge whose area1 extent is small in comparison to 

the depth of the consolidating layer is applied. Curve III approximates 

the case of a dredged fill where the initial excess pore pressure varies 

linearly from zero at the top of the layer to a maximum at the bottom. 

In all cases where there is drainage from both surfaces of the layer, 

curve I should be used and H set to h/2 . 

60. When initial conditions are between those for which the exact 

solutions have been derived, Terzaghi and Peck (1967) suggest that 

33 



20
 

2 

80
 

UN
DR

AI
NE

D 

FO
R 

DO
UB

LE
 

DR
AI

NA
GE

: 
H=

 
h 

/2
 

tlJ
SE

 
CU

RV
E 

I) 

10
0 

I 
I 

Ill
I 

lll
ll 

I 
I,I

II 
llll

l 
I 

I 
II 

I 
I 

II 
I 

I 
I 

I- 

.O
Ol

 
0.

01
 

0.
1 

I 
.o

 
IO

.0 

TS
S 

) 
TI

M
E 

FA
CT

OR
 

Fi
gu

re
 

8.
 

D
eg

re
e 

of
 

co
ns

ol
id

at
io

n 
as

 
a 

fu
nc

tio
n 

of
 

th
e 

tim
e 

fa
ct

or
 

fo
r 

va
rio

us
 

in
itia

l 
co

nd
itio

ns
 

by
 

sm
all

 
st

ra
in

 
th

eo
ry

 



sufficiently accurate results can be obtained by interpolating between 

the given curves. Considering the approximating assumptions upon which 

these solutions are based, interpolation should not lead to any less 

accurate results. 

Finite strain solutions 

61. Solutions to the linear governing Equation 45 are also possi- 

ble in terms of nondimensional variables which enable the computation 

of settlements as a function of time similar to the small strain proce- 

dure. Partial solutions for the case of a normally consolidated layer 

are given by Gibson, Schiffman, and Cargill (1981). These solutions 

will be supplemented here by the cases of normally consolidated layers 

with drainage from both surfaces and of underconsolidated dredged fill 

type deposits both singly and doubly drained. 

62. For consistency with the sign convention used by the above 

cited authors, it is necessary to measure the z-coordinate from the top 

of the consolidating layer positive downwards or against gravity. This 

has the effect of changing the minus sign in Equation 45 to a positive 

sign. Defining the nondimensional variables as 

N = A$(Y 
S 

- u,) 

e 
B= (p 

e(O,O> 

(51) 

(56) 

where R is the total layer thickness in reduced coordinates, Tfs is 
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the dimensionless finite strain time factor, and other variables are as 

previously defined, the governing equation becomes 

a2E 

az2 
+ N aE - 

az 
= aE 

aTfs 
(57) 

63. The initial condition for a normally consolidated layer sub- 

jected to a sudden surcharge is 

E(Z,O) = (1 - B) exp (-NZ) + B ; 0 < Z 5 1 (58) - 

and boundary conditions for the case where both boundaries are free 

draining are 

E(O,Tfs) = R ; Tfs > 0 

and 

E(l,Tfs) = (R - B) exp (-N) + B ; Tfs > 0 

If the lower boundary is impervious, Equation 60 is replaced by the 

condition 

g + NIE(l,Tfs) - B] = 0 ; Tfs ' 0 

(59) 

(60) 

(61) 

64. The initial condition for a dredged fill layer deposited at a 

uniform initial void ratio and subject to self-weight consolidation 

only is 

E(Z,O) = 1 ; 0 5 Z 5 1 (62) 

and boundary conditions for the case of two pervious boundaries are 

E(O,Tfs) = 1 ; Tfs > 0 (63) 

and 

E(l,Tfs) = (1 - B) exp (-N) + B ; Tfs > 0 (64) 

For an impervious lower boundary, Equation 64 is replaced by Equation 61. 

65. If a nondimensional settlement is defined as 

1 
6(Tfs) 

S(Tfs) = Re(O,O) = /[ 
E(Z,O) - E(Z,Tfs) 1 dZ (65) 

0 
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where 6 is the actual settlement, then a percent consolidation U 

can be calculated by 

S(Tfs) 
Wfs) = ~ S(m) (66) 

where S(a) is the ultimate nondimensional settlement. This percent 

consolidation is therefore directly related to real settlements unlike 

small strain theory which depends on a linear coefficient of compressi- 

bility. 

66. While the analytical solution of Equation 57 with appropriate 

initial and boundary conditions and Equations 65 and 66 would be a for- 

midable if not impossible task, their solution by the techniques of fi- 

nite differences and numerical integration is practical with the aid of 

a computer. With the aid of a version of the computer program FSCONl 

(Cargill and Schiffman 1980) modified to accept the dredged fill bound- 

ary and initial conditions, the figures on the following pages were con- 

structed. Figure 9 shows the degree of consolidation as a function of 

the time factor, T 
fs ' for various values of N and initial and bound- 

ary conditions corresponding to a normally consolidated clay layer whose 

bottom boundary is impervious, and Figure 10 depicts degree of consolida- 

tion for values of N where both boundaries are pervious. The case of 

a dredged fill deposit is shown in Figure 11 for drainage from the top 

only and Figure 12 for drainage from both surfaces. 

67. Comparison of the N = 0.0 c urve in Figure 9 with the type I 

curve in Figure 7 shows an almost exact correspondence until about 

92 percent consolidation. This verifies the numerical technique used in 

FSCONl since analytically the curves should be the same. The different 

pattern of the curves in Figure 12 is totally unpredicted by any small 

strain theory and probably due to the fact that the permeability de- 

crease at the bottom-drained boundary causes this boundary to behave as 

if it were undrained for thick layers. 

68. These figures can be used exactly the same way Figure 8 would 

be used in a small strain formulation once a final or ultimate settle- 

ment has been derived. The only difference is the requirement to 
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calculate Q , the layer thickness in reduced coordinates. 

69. The calculation of Q is a very simple matter for dredged 

material deposited at a uniform initial void ratio. Here 

Q= h 
l + coo (67) 

where h is the layer thickness as deposited and e is the initial 00 
void ratio since the effective stress is assumed initially zero through- 

out the layer. In a normally consolidated layer or layer having any 

other than uniform void ratio distribution, Q can be calculated to 

sufficient accuracy by dividing the layer into a number, m , of sub- 

layers and using 

m m h. 
Q= Qi= ___ 

c 1 +le 
i=l i 

(68) 

where h i is the sublayer height and ei is the average void ratio in 

the sublayer. The sublayer void ratio is obtained from the e - log O' 

curve for the material by considering the effective weight of all mate- 

rial and surcharge above the center of the sublayer or by direct measure- 

ment of the saturated water content of the sublayer. 

Calculation of Ultimate Settlement 

70. The ultimate settlement of a consolidating fine-grained layer 

is defined as that which has occurred after all excess pore pressures 

have dissipated. Within the layer, the soil assumes a void ratio dis- 

tribution due to the buoyant weight of material above plus any sur- 

charge, and this void ratio is related to the effective stress by the 

material's e - log 0' curve which comes typically from an oedometer 

test. Therefore, initial and final void ratio distributions are known 

or can be calculated. 

71. It can be shown (Cargill 1982) that ultimate settlement is 

given by 
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.Q 
6(a) = J [e(z,O> - e(z,a>] dz (69) 

0 

where e(z,O) is the initial void ratio and e(z,a> is the final void 

ratio. This equation can be solved with sufficient accuracy by dividing 

the total layer into a number, m , of sublayers such that 

m m 
6(a) = c 

i=l 

6 = 
i,m c 

i=l 

(e i,o - e i a) ‘i 9 (70) 

where Qi is defined in Equation 68, and e. and e. are the 
190 190: 

average initial and final void ratios, respectively. 

72. While Equation 69 could have been reduced to an analytical 

expression by making typical small strain or linearizing finite strain 

assumptions, there is no particular advantage in doing this when the 

actual relationship between void ratio and effective stress is available 

from oedometer testing. The ultimate average effective stress is simply 

calculated for each sublayer by 

effective weight 
O! of all 

1 
= $ Qi (y, - u,) + sublayers + (surcharge) (71) 

above it 

where the effective weight of each sublayer is Qi (US - u,) Then, 

using this average effective stress an average void ratio is picked from 

the oedometer test data and substituted into Equation 70. 

Time-Dependent Settlements 

73. Time-dependent settlements for a single layer subjected to a 

single consolidating load is readily calculated from information fur- 

nished in the previous sections by either a small strain or finite strain 

theory. However, if additional layers are added before the previous 

layers have completely consolidated or additional consolidating loads 

are placed before the layer is completely consolidated under the pre- 

vious loads, the procedure for calculating time-dependent settlements 

is not so straightforward. In this section, a proposed procedure for 
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analyzing the time-settlement relationship for multiple consolidating 

loads by hand calculation will be described. However, for completeness, 

the conventional procedure for a single consolidating load will be 

given first. 

Single consolidating load 

74. In this case, the coefficient of consolidation, c or g , 
V 

depending on whether a small strain or linear finite strain formulation 

is chosen, should be determined from a plot such as shown in Figure 6 

for the void ratio corresponding to an average effective stress during 

the consolidation process if the coefficient is relatively constant over 

the range of expected void ratios. If there is substantial variation in 

the coefficient of consolidation over the expected range of void ratios, 

the coefficient can be periodically updated during the calculation to 

conform to the average void ratio in the layer at the time consolidation 

is calculated. For small strain theory, the drainage path length H can 

also be periodically updated to improve the calculation. The procedure 

for updating will be described in the next subsection. 

75. Then using either Equation 48 or 53 a nondimensional time 

factor for the real time in question is calculated. The percent consoli- 

dation is then read from Figure 8, 9, 10, 11, or 12, depending on the 

theory, initial conditions, and boundary conditions for the calculated 

time factor. Of course, if the linear finite strain theory is chosen, 

an appropriate value of N must be obtained by Equation 54 before enter- 

ing Figure 9, 10, 11, or 12. With the percent consolidation known, set- 

tlement is then 

6(T) = C& * U(T) (72) 

at the real time t chosen in calculating T . 

76. An example of this procedure for a single dredged fill layer 

deposited on a compressible foundation is solved in Appendix A by both 

a small strain and linear finite strain formulation. In the example, an 

updated coefficient of consolidation and layer height are used in calcu- 

lating the dimensionless time factor. 
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Multiple consolidating loads 

77. The procedure for calculating time-dependent settlements when 

additional consolidating loads are placed before consolidation is com- 

plete under previously placed loads is essentially the same whether 

small strain or linear finite strain theory is assumed. The accuracy of 

the procedure depends on the user's ability to successfully estimate 

initial conditions and interpolate between the previous solutions given 

for standard initial conditions. Procedurally, there is also no differ- 

ence if the consolidating loads are caused by added dredged fill layers 

or added surcharges, which means that the time-dependent settlements are 

computed by the same method for a compressible foundation as for the 

dredged fill. 

78. Basically, the methodology is an incremental and iterative 

process whereby each consolidating load is considered individually be- 

tween the time it was placed and the time the next load or layer is 

placed with due account taken of all which has occurred previously. 

That is, for any time t' measured from when the last consolidating 

load or layer was placed, 

T' = T(t') (73) 

where T(t') comes from Equation 48 or 53; 

U' = U(T') (74) 

where U(T') comes from Figure 8, 9, 10, 11, or 12, depending on the 

theory and best estimate of initial conditions (interpolated if 

necessary); 

6' = U' (6; - 6") + 6" (75) 

where 6' is the total settlement to time t , 6; is the total ultimate 

settlement and is reevaluated after every new consolidating load or 

layer, and 6" is the total settlement accumulated to the time when the 

new consolidating load or layer was placed; and 

u(t) = & 
a, 

(76) 

where U(t) is the percent consolidation at real time t since the 

45 



first consolidating load or layer was placed. There will be a discon- 

tinuity in the U(t) - t curve where a new consolidating load is placed 

because of the difference in 6; just before and just after the new 

load is placed. 

79. As an aid to interpolating the figures when initial condi- 

tions are different from those used in theoretical solutions, some typi- 

cal intermediate conditions for single layers subject to one load and 

typical conditions for when a second load or layer is placed are shown 

in Figure 13 for small strain and Figure 14 for finite strain theory. 

The cases of double drainage are shown in subfigures (a), (b), (e), and 

(0 * Single drainage is in (c), (d), (g), and (h). The curve at time 

t' m is the ultimate distribution if no second consolidating load is 

placed. 

80. An example of this procedure for multiple dredged fill layers 

deposited on a compressible foundation is solved in Appendix B by both a 

small strain and linear finite strain formulation. Due to the possi- 

bility of substantial changes in the coefficient of consolidation and 

layer height during the course of consolidation, these factors are con- 

tinuously updated to correspond to the average void ratio in the layer 

when consolidation is calculated. 

81. The procedure for updating the coefficients of consolidation 

and layer height is also an iterative process. First, an average void 

ratio for the time under consideration is assumed and an average layer 

height h for this void ratio is calculated by the equation 

I; = R(1 + e> (77 > 

Then a coeffic ient of consolidation, cv or g , is read from a plot 

such as Figure 6 for the assumed average void ratio. Using the coeffi- 

cient of consolidation thus chosen and g for determining the drainage 

path length if small strain theory is used, a dimensionless time factor 

is calculated and settlement determined as previously described. This 

settlement is then used to determine the layer height which should 

favorably compare to that calculated by Equation 77. If it does not 

favorably compare, a new average void ratio is assumed and the process 
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repeated until a favorable comparison is obtained. 

Treating multiple consolidation 
loads as single consolidation loads 

82. In actuality, all consolidating loads should be handled as in 

the multiple case because no load or layer can be placed instantaneously. 

Loads can be considered to be placed instantaneously only when the time 

required to place them is short in comparison to the length of time be- 

fore the consolidation information is wanted. Therefore, consolidation 

behavior in many instances of periodic dredged fill disposal can be cal- 

culated by the simpler method given for the single consolidating load. 

83. Figure 15 illustrates the above phenomenon. In the figure, 

percent consolidation is plotted against time for the two example prob- 

lems worked in Appendices A and B which involve, respectively, one in- 

stantaneous deposition of 10 ft of dredged material and three incremental 

depositions which total 10 ft. As can be seen from the figure, after 

about 4000 days or twice the period of incremental deposition, there is 

very little difference in the predicted percent consolidation and there- 

fore little difference in predicted settlements. Figure 16 provides the 

same type comparison using three different disposal schedules for a much 

softer material modeled in a computer program described by Cargill 

(1982). Again, after about twice the period of incremental deposition, 

there is very little difference in predicted percent consolidation. 
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PART III: FIELD VERIFICATION SITES 

84. Before a theoretical analysis can be judged useful or appro- 

priate for field design purposes, it should be tested against measured 

field performance. Therefore, the analysis procedures proposed in the 

previous part of this report will be used to predict consolidation behav- 

ior at two actual dredged material disposal sites and a test pit used in 

a prior research study. These comparisons are not ideal because, in 

addition to self-weight consolidation, the sites were also subjected to 

some surface desiccation and because of some uncertainties about the ini- 

tial conditions in the dredged material after deposition. However, the 

sites chosen and information available are deemed the best available and 

suitable for validation of the proposed procedures. 

85. The first site is the Craney Island disposal area near 

Hampton Roads, Va. Disposal history, field sampling, material testing, 

and results of area surveys are detailed by Palermo, Shields, and Hayes 

(1981). Pertinent disposal information will be repeated in this part 

for completeness. Results of laboratory oedometer testing are given in 

the next part of this report. The second site is a disposal area for 

Canaveral Harbor near Cape Canaveral, Fla. Results of field settlement 

surveys have not been previously reported. The test pit used as the 

third verification site was constructed in the Upper Polecat Bay dis- 

posal area near Mobile, Ala. Details of the test pit purpose and re- 

sults are given by Hammer (1981). Pertinent information will also be 

repeated herein. 

Craney Island 

86. The Craney Island disposal site is a 2500-acre area confined 

by dikes about 28 ft high. Dike bottom elevation is about -10.0 ft mlw 

(mean low water), and top elevation averages about +18.0 ft mlw. Since 

dike construction started in August 1954, approximately 130 million cu yd 

of in situ channel sediments has been deposited in the area almost con- 

tinuously by both direct pipeline discharge and hopper pumpout. Surface 
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desiccation at the site was not possible until about the end of 1965 

when the average surface of the disposal area came above the surrounding 

mean low water elevation. Surface desiccation after 1965 was probably 

limited due to the almost continual input of large volumes of dredged 

material. 

87. Field sampling and testing as reported by Palermo, Shields, 

and Hayes (1981) indicated that the average in situ void ratio of chan- 

nel sediments was about 5.93, that the sediments averaged about 15 per- 

cent sand (particle size >0.075 mm), and that upon initial sedimentation 

the fine-grained portion of the dredged material assumed an average void 

ratio of about 12.0 in the disposal area. If it is assumed that the 

sand solids will settle separately immediately after disposition to a 

void ratio conservatively estimated at about 2.0 (the void ratio would 

usually be lower), then about 4 percent of the disposal area will be re- 

quired for sand deposition. Thus, the fine-grained portion will then 

settle and consolidate in the remaining 2400 acres. The presence of 

sand mounds commonly found at the outfall of dredged material discharge 

pipes verifies the validity of this assumption. However, to assess the 

impact of accounting for the sand fraction in this manner, consolidation 

calculations will be performed both by assuming the fine-grained solids 

are 85 percent of the total deposited solids in a 2400-acre area and by 

assuming 100 percent of the deposited solids are fine grained and the 

area is 2500 acres. 

88. Table 1 shows yearly totals of dredged material deposited at 

Craney Island and other information required in the consolidation calcu- 

lations given later in this report. The "Height of Solids" column is 

the equivalent height of solids with no voids in the dredged fill layer 

calculated from the volume dredged, disposal area, and in situ void 

ratio by Equation 67. While volumes are shown rounded to the nearest 

10,000 cu yd in the table, material height calculations are based on the 

more precise data reported by Palermo, Shields, and Hayes (1981). 
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Canaveral Harbor 

89. This disposal site was constructed in 1980 and used for one 

dredging operation in Canaveral Harbor. The site covers an area of 

about 20 acres and was filled with dredged material during or about the 

last week of September 1980. Although detailed information on dredged 

volumes and disposal area foundation elevations is not available, a sam- 

pling program involving three borings was conducted on 9 October 1980 

about 1 week after material was deposited. Two settlement plates were 

also installed at the interface of the foundation and dredged material 

prior to filling; thus, good data on material settlement are available 

after 3 November 1980 when the plates were first read. Surface desicca- 

tion at the site was probably nonexistent before early spring 1981 but 

was probably a critical factor afterwards since the dike was breached in 

the summer of 1981 to aid in the removal of surface water from rainfall. 

90. Table 2 lists the results of water content tests performed on 

samples taken during the boring survey. Corresponding void ratios for a 

specific gravity of solids of 2.70 are also listed. Using this void 

ratio and the sampling interval height, a total solids content can be 

calculated. Void ratios indicated by the borings also suggest that the 

dredged material was initially deposited at a void ratio of about 17.0 

(which corresponds to a solids concentration of 150 g/a>. If it is as- 

sumed that the average height of solids is 0.4720 ft as shown in the 

table and the initial void ratio is 17.0, then the unconsolidated height 

of dredged material deposited is 8.50 ft. 

Mobile Bay Test Basin 

91. Hammer (1981) describes five test basins constructed in the 

Upper Polecat Bay disposal area near Mobile, Ala. Basically, the basins 

had 30-ft-square bottoms, 1 vertical to 2 horizontal side slopes, and 

depths from 8 to 10 ft. Four of the basins were subjected to various 

underdrainage techniques, but the one which will be analyzed here had 

dredged material deposited directly on an impermeable plastic liner. 
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Table 1 

Annual Volumes and Height of Materials Deposited 

in Craney Island Disposal Area 

year 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

Dredged 
Volume 

@ e = 5.93 

lo6 - yd3 

0.98 

4.19 

5.08 

10.29 

5.36 

3.37 

4.29 

1.41 

3.73 

6.23 

6.41 

10.93 

4.88 

Total 
Solids 

lo6 - yd3 

0.14 
(0.14)? 

0.60 
(0.74) 

0.73 
(1.48) 

1.49 
(2.96) 

0.77 
(3.74) 

0.49 
(4.22) 

0.62 
(4.84) 

0.20 
(5.05) 

0.54 
(5.59) 

0.90 
(6.48) 

0.93 
(7.41) 

1.58 
(8.99) 

0.70 
(9.69) 

Dredged 
Fill 

Height” 
@ e = 12.0 

ft 

0.457 
(0.457) 

1.947 
(2.404) 

2.362 
(4.766) 

4.786 
(9.553) 

2.492 
(12.045) 

1.569 
(13.614) 

1.997 
(15.611) 

0.656 
(16.268) 

1.734 
(18.002) 

2.897 
(20.898) 

2.983 
(23.882) 

5.086 
(28.967) 

2.267 
(31.235) 

(Continued) 

0.0352 
(0.0352) 

0.1497 
(0.1849) 

0.1817 
(0.3666) 

0.3682 
(0.7348) 

0.1917 
(0.9265) 

0.1207 
(1.0472) 

0.1536 
(1.2009) 

0.0505 
(1.2514) 

0.1334 
(1.3847) 

0.2228 
(1.6076) 

0.2295 
(1.8370) 

0.3912 
(2.2282) 

0.1744 
(2.4027) 

Height 
of 

Solids?: 
ft 

Dredged 
Fill 

Heighth’i 

@ e = 12.0 
ft 

0.405 
(0.405) 

1.724 
(2.128) 

2.092 
(4.220) 

4.238 
(8.458) 

2.207 
(10.665) 

1.389 
(12.054) 

1.768 
(13.822) 

0.581 
(14.404) 

1.535 
(15.939) 

2.565 
(18.504) 

2.641 
(21.145) 

4.503 
(25.648) 

2.008 
(27.656) 

Height 
of 

Solidsh’< 

ft 

0.0311 
(0.0311) 

0.1326 
(0.1637) 

0.1609 
(0.3246) 

0.3260 
(0.6506) 

0.1698 
(0.8204) 

0.1069 
(0.9272) 

0.1360 
(1.0633) 

0.0447 
(1.1080) 

0.1181 
(1.2261) 

0.1973 
(1.4234) 

0.2032 
(1.6266) 

0.3464 
(1.9727) 

0.1544 
(2.1274) 

* Assumes 100 percent of solids are fine grained and area of deposi- 
tion is 2500 acres. 

;iiy Assumes 85 percent of solids are fine grained and area of deposi- 
tion is 2400 acres. 

t Numbers in parentheses are cumulative totals. 



Table 1 (Concluded) 

Dredged 
Fill 

Height 
@ e = 12.0 

ft 

Height 
of 

Solids 
ft 

Dredged 
Fill Height 

Height of 
@ e = 12.0 Solids 

ft ft 

Dredged 
Volume 

@ e = 5.93 

Year lo6 - yd3 

1969 5.31 

1970 6.19 

1971 20.59 

1972 2.05 

1973 4.18 

1974 4.48 

1975 5.04 

1976 4.51 

1977 2.13 

1978 6.80 

1979 1.33 

TOTAL 129.8 

Total 
Solids 

lo6 - yd3 

0.77 
(10.46) 

0.89 
(11.35) 

2.97 
(14.32) 

0.30 
(14.62) 

0.60 
(15.22) 

0.65 
(15.87) 

0.73 
(16.59) 

0.65 
(17.25) 

0.31 
(17.55) 

0.98 
(18.53) 

0.19 

2.470 
(33.704) 

2.879 
(36.583) 

9.574 
(46.157) 

0.953 
(47.110) 

1.945 
(49.055) 

2.084 
(51.139) 

2.345 
(53.484) 

2.099 
(55.583) 

0.990 
(56.573) 

3.164 
(59.737) 

0.616 

0.1900 
(2.5926) 

0.2214 
(2.8141) 

0.7365 
(3.5505) 

0.0733 
(3.6239) 

0.1496 
(3.7735) 

0.1603 
(3.9338) 

0.1804 
(4.1142) 

0.1615 
(4.2756) 

0.0762 
(4.3518) 

0.2434 
(4.5952) 

0.0747 

2.187 
(29.842) 

2.549 
(32.391) 

8.477 
(40.868) 

0.844 
(41.712) 

1.722 
(43.434) 

1.845 
(45.279) 

2.076 
(47.356) 

1.859 
(49.214) 

0.877 
(50.091) 

2.801 
(52.892) 

0.546 

0.1682 
(2.2956) 

0.1961 
(2.4916) 

0.6521 
(3.1437) 

0.0647 
(3.2086) 

0.1325 
(3.3411) 

0.1419 
(3.4830) 

0.1597 
(3.6427) 

0.1430 
(3.7857) 

0.0674 
(3.8531) 

0.2155 
(4.0686) 

0.0420 

18.73 60.353 4.6426 53.438 4.1106 



Table 2 

Boring Survey at Canaveral Harbor 

Depth 
Below 
Water 
Sur- 
face 

ft 

Boring L-l Boring L-2 Boring L-3 
Water Height Water Height Water Height 
Con- 
tent 

% 

Of 

Void Solids 
Ratio ft ~ ___ 

Con- of Con- Of 

tent Void Solids tent Void Solids 
% Ratio ft % Ratio ft 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

9.5 

10.0 

578 15.6 0.0301 

541 14.6 0.0321 

527 14.2 0.0328 

492 13.3 0.0350 

463 12.5 0.0371 

501 13.5 0.0344 

452 12.2 0.0379 

343 9.2 0.0488 

363 9.8 0.0463 

235 6.3 0.0682 

597 16.1 0.0292 

646 17.4 0.0271 

517 14.0 0.0334 

554 15.0 0.0313 

439 11.9 0.0389 

497 13.4 0.0346 

529 14.3 0.0327 

546 14.7 0.0318 

556 15.0 0.0312 

450 12.2 0.0380 

434 11.7 0.0393 

392 10.6 0.0432 

445 12.0 0.0384 

501 13.5 0.0344 

459 12.4 0.0373 

422 11.4 0.0403 

394 10.6 0.0429 

622 16.8 0.0281 

571 15.4 0.0305 

609 16.4 0.0287 

555 15.0 0.0313 

537 14.5 0.0322 

482 13.0 0.0357 

449 12.1 0.0381 

398 10.7 0.0426 

375 10.1 0.0450 

355 9.6 0.0472 

333 9.0 0.050 

TOTAL 0.4027 0.6040 0.4094 

Average height of solids = 0.4720 ft. 
Average unconsolidated height of fill (@ e = 17.0) = 8.50 ft. 



It was reported that basin construction took place May through September 

1976 and that dredged material was pumped into the basins during the 

month of October 1976 by a "Mud Cat" dredge through an 8-in. pipeline. 

There was no surface desiccation of material in the test basin until 

10 March 1977 when an active surface drainage program was initiated. 

92. It is important to note that this was not a typical dredged 

fill disposal operation, not only due to the site and shape of the dis- 

posal area, but also because of the filling procedure. Hammer (1981) 

states, "Since the slurry being pumped by dredge contained 15 to 25 per- 

cent solids it was necessary to fill each test section several times 

before the 6-ft desired depth of dredged material was attained. The 

general procedure for accomplishing this was to pump full, allow the 

solids to settle out (generally 24 hr was allowed for this), pump the 

clear water off, and fill again. This procedure was repeated until each 

test section contained sufficient solids for the experiment." 

93. Figure 17 shows water content distribution within the depos- 

ited material at the beginning and end of the experiment. The "initial" 

curve is actually about 40 days after deposition started when all sedi- 

mentation and in fact some consolidation had probably taken place. 

Based on these measurements and a specific gravity of solids of 2.70, 

the height of solids can be calculated. The void ratio indicated by the 

uppermost "initial" water content and previous verbal description of the 

slurry percent solids suggest that the dredged material was initially 

deposited and sedimented to a void ratio of 10.0. If it is assumed that 

the average height of solids is 0.8711 ft as shown in the figure, the 

unconsolidated height of dredged material deposited is 9.58 ft. 
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PART IV: LABORATORY TESTING FOR SOIL PARAMETERS 

94. The accuracy of any calculation of the consolidation behavior 

of fine-grained dredged material is only as good as the soil parameters 

used. It is therefore very important that the necessary time and re- 

sources be allocated to field sample testing and interpretation of the 

results. Detailed sampling procedures for obtaining sediment samples 

are found in Palermo, Montgomery, and Poindexter (1978). This part will 

review methods of consolidation testing, review a recommended oedometer 

test procedure for dredged material, discuss test data interpretation, 

and examine the results of several testing programs. 

Consolidation Testing 

95. There are essentially three methods of conducting consolida- 

tion tests on fine-grained dredged material. They are the self-weight 

settling test, 

test. Each of 

combination is 

the constant rate of strain (CRS) test, and the oedometer 

these methods has its advantages and disadvantages and a 

usually desirable. 

Settling test 

96. The self-weight settling test is advantageous in determining 

the void ratio-effective stress relationship at very low levels of effec- 

tive stress. However, to cover the range of stresses encountered during 

the consolidation of a prototype dredged fill deposit, the settling col- 

umn height must equal that of the prototype. If the settling column 

height equals that of the dredged fill layer, then the time required to 

complete the test could be on the order of years for typical layers. 

This is not practical in most situations and so for efficiency the set- 

tling test should be supplemented with one of the other type tests for 

the higher effective stresses. 

Constant rate of strain test 

97. The CRS test is probably best suited for the mid range of ef- 

fective stresses where strains are still relatively large per unit of 

stress. This is probably the most efficient type test in terms of the 
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time required for the test because, theoretically, it is applicable for 

any rate of strain. The only disadvantages to this test are that it re- 

quires a rather sophisticated apparatus capable of sustaining a known 

strain and monitoring stresses and pore pressures in the sample, and that 

it requires a rather complicated method of analysis. Because of these 

disadvantages, CRS devices are commonly found only in research facili- 

ties and are not readily accessible for routine use by Corps Districts. 

However, there is a preliminary study currently (March 1982) under way 

at the WES looking into the feasibility of constructing a large strain 

controlled rate of strain (LSCRS) device specifically for the purpose of 

testing fine-grained dredged material. When such a device is available, 

it is recommended that it be routinely used to define consolidation 

properties at the high void ratios common to dredged fill. 

98. To demonstrate the type information obtainable from a CRS 

test and supplement the available consolidation properties of dredged 

material from Canaveral Harbor and Mobile test basin, CRS testing of 

material from each of these sites was contracted with the University of 

Colorado as part of this study. The testing apparatus and test data 

analysis are fully described by Znidarcic (1982). Basically, a 

4.0-cm-high sample with one drained boundary is deformed at a constant 

rate; total stresses are measured at both ends; and pore pressure is 

measured at the undrained boundary. A modified finite strain theory of 

consolidation which neglects material self-weight and assumes a piece- 

wise linear coefficient of consolidation g is used to analyze test 

measurements and produce the void ratio-effective stress and void 

ratio-permeability relationships. As an alternative, the void ratio- 

permeability relationship is also derived using a calculated excess 

pore pressure gradient at the drained boundary and Darcy's law. Results 

of these tests are given later in this Part. 

Oedometer test 

99. The most common type of consolidation testing currently avail- 

able is the oedometer test. The apparatus required by this test is 

found in all well-equipped soils laboratories, and the test has been 

used successfully by the WFS on numerous dredged fill materials. 
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Disadvantages of the test include: 

a. - The fact that void ratio-effective stress relationships 
at very low (CO.005 tsf) levels of effective stress are 
generally not possible. 

b. - The fact that the time required between load increments 
may sometimes be 2 weeks or more. 

C. - The fact that large strains during a given load incre- 
ment add to the uncertainties of test data analysis for 
coefficients of consolidation and permeabilities. 

d. - The question of whether a thin oedometer sample with no 
ini.tial excess pore pressure and subjected to a sudden 
load increment reacts the same as an underconsolidated 
thick sample whose excess pore pressure is slowly de- 
creased. 

Regardless of the disadvantages, the fact that it is the most common and 

readily available test is an advantage which makes the oedometer test 

the most attractive for dredged material today. 

Recommended Oedometer Test Procedure 

100. Oedometer testing of very soft dredged fill materials is ac- 

complished essentially the same as is specified in EM 1110-2-1906 (Head- 

quarters, Department of the Army 1970) for stiffer soils. The major 

difference is in the initial sample preparation and the size of the load 

increments. The majority of dredged fill samples will be in the form of 

a heavy liquid rather than a mass capable of being handled and trimmed. 

101. Before testing begins, accurate weights and buoyant weights 

of the top porous stone and other items between the sample and dial gage 

stem should be determined because this will be a major part of the seat- 

ing load. The force exerted by the dial indicator spring must also be 

determined for the range of readings initially expected because this 

will constitute the remainder of the seating load and will be considered 

the first consolidating load applied to the sample. Figure 18 shows how 

the dial gage force is determined using a common scale or balance. 

Samples are prepared for testing by placing a saturated bottom porous 

stone, filter paper, and consolidometer ring on the scale and recording 

their weights. Without removing this apparatus from the scale, material 
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Figure 18. Determination of dial gage force for 
oedometer test on soft dredged material 

is placed in the ring with a spatula. The material is placed and spread 

carefully to avoid trapping any air within the specimen. After slightly 

overfilling the ring with material, the excess is screeded with a 

straightedge, with care being taken not to permit excess material to 

fall onto the scale. After a level surface flush with the top of the 

ring is obtained, the ring top is wiped clean and a final weight re- 

corded. Figure 19 shows material being placed in the consolidation ring. 

In Figure 20, the material is shown being screeded. 

102. The ring with bottom stone is next assembled with the re- 

mainder of the consolidometer apparatus. Care must be taken not to jar 

or otherwise disturb the sample during this process. Figure 21 shows 

the assembled consolidometer and components of the seating load. Once, 

the consolidometer is ready, it is placed on the loading platform and 

assembly completed. As soon as the seating load is placed, the water 

level in the consolidometer should be brought level with the top of the 

top porous stone and held there through at least the first three load 
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Figure 19. Placement of soft dredged material 
in consolidation ring 

Figure 20. Material being screeded flush with top 
of consolidation ring 
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Figure 21. Assembled consolidometer and components 
of seating load 

increments or until the difference in the actual weight and buoyant 

weight of the seating load is insignificant. Thereafter, the level of 

the water is not important so long as the sample is kept inundated. 

103. Since some consolidation will normally occur very rapidly 

when the seating load is placed, it is important that this first load, 

to include the dial gage, is placed very quickly. If all induced set- 

tlement is not accounted for, later calculations may be inconsistent. 

It may be necessary to use a table level or some other measuring device 

to check the height of the top of the porous stone above the sample ring 

at some time during this first load increment. Of course, the thickness 

of the top porous stone and filter paper must have been previously mea- 

sured. In this way, a reconciliation between deformation recorded by 

the dial gage and actual deformation can be made. 

104. After the sample has been subjected to the seating load, 

dial gage readings are taken at times 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 8.0, 

15.0, and 30.0 min; 1, 2, 4, 8, and 24 hr; and daily thereafter until 
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primary consolidation is complete as determined by the time-consolida- 

tion curve. The first series of readings is valid for determination of 

the first point of the e-log CT' curve and may be used in coefficient 

of consolidation or permeability determinations if the seating load is 

placed quickly and in a manner so as not to induce extraneous excess 

pore pressures. Figure 22 shows the sample loaded only by the seating 

load to include the dial gage. 

Figure 22. Fully assembled consolidometer loaded by the top 
porous stone, loading column, and dial gage spring 

105. Consolidation of the sample is continued according to the 

following recommended loading schedule: 0.005, 0.01, 0.025, 0.05, 0.10, 

0.25, 0.50, and 1.00 tsf. Exactly what the first load increment will 

equal depends on the weight of the top porous stone, loading column, 

and dial gage force. To keep the dial gage force relatively constant 

throughout testing, the dial gage may have to be reset periodically. If 

so, it should be reset just before the next load increment is placed and 

not during a load increment. If consolidation behavior at loads much 
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greater than about 1.0 tsf is required, it is recommended that samples 

which have been preconsolidated to 0.5 tsf be used since most typical 

dredged fill samples will have undergone more than 50 percent strain by 

the time the above loading schedule is completed. Experience has shown 

that extrapolation of the e-log 0' curve produced from the recommended 

loading schedule to lower void ratios should yield reasonably accurate 

results providing that the void ratios through the extrapolated range 

are greater than about 1.0. 

106. When primary consolidation is completed under the final load 

of the schedule, the difference between the top of the top porous stone 

and the top of the sample ring should again be determined by a table 

level or other measuring device as a second check on final sample height 

as determined from dial gage readings. This check is considered impor- 

tant since the dial gage will probably have been reset several times 

during the loading schedule. Before the dial gage is removed, the sam- 

ple should be unloaded and allowed to rebound under the seating load and 

dial gage force only. When the sample is fully rebounded, a final dial 

gage reading is made, and the sample is removed for water content and 

weight of solids measurements. 

107. The preceding recommended test procedure is not meant to 

replace the more comprehensive treatment of EM 1110-2-1906 or other 

soils testing manuals. Its purpose is merely to point out where the 

conventional procedure must be modified or supplemented to handle ex- 

tremely soft dredged fill material. A final recommendation is that a 

specific gravity of solids test always be accomplished for the actual 

material consolidated since calculations are very sensitive to this 

value and typical estimated values may lead to significant error. 

Data Interpretation 

108. The primary objectives of consolidation testing is determina- 

tion'of the void ratio-effective stress relationship and the variation 

of the coefficients of consolidation. The e-log (3' curve of the 

tested material is directly determined from measurements during the test. 
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However, the coefficient of consolidation must be deduced based on some 

consolidation theory in the absence of a direct measurement of the void 

ratio-permeability relationship. 

109. Imai (1981) has shown that there can be considerable differ- 

ences between the e-log 0' curves at the higher ranges of void ratio 

for the same fine-grained dredged material depending on the initial void 

ratio of the sample tested. However, the curves were found to merge at 

effective pressures around 0.001 tsf, which is usually less than the 

minimum obtainable in an oedometer test. Figure 23 shows e-log (5' 

curves constructed from Imai's data. Testing by Umehara and Zen (1982) 

on other fine-grained dredged material verifies Imai's findings. They 

also have shown that above an effective pressure of about 0.0001 tsf 

and for equal initial conditions there is a common curve upon which the 

virgin compression curves produced by the three main methods of con- 

solidation testing all fall. Thus, it may be possible to extrapolate 

the virgin curve from an oedometer test to void ratios higher than pos- 

sible in the test with some confidence if the sample tested has been 

consolidated from an initial, condition similar to the initial condition 

of the dredged material in the disposal area. 

110. Therefore, given the void ratio which the dredged material 

assumes upon initial sedimentation as determined in the column sedimen- 

tation test and a virgin compression curve from oedometer testing, an 

approximate compression curve covering the full range of possible void 

ratios can be constructed. However, since there is no 0.0 ordinate on 

an e-log (5' graph, it is proposed that the 0.0001 tsf ordinate be used 

for plotting the initial void ratio point as determined in the column 

sedimentation test. Examples of design curves obtained in this manner 

will be given in the following section. 

111. Coefficients of consolidation, cv and g , can be deduced 

from oedometer test compression-time curves and Figures 8 and 10, respec- 

tively, with appropriate layer heights. However, due to the fact that 

the coefficient needed must oftentimes be extrapolated to the applicable 

void ratio and the fact that the tendency of the required relationship 

cannot be accurately predicted for most materials, it is better to 
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deduce permeability where tendency can be better predicted (i.e., perme- 

ability increases with increasing void ratio) and then calculate the co- 

efficient of consolidation. 

112. Since the conditions of the oedometer test correspond very 

closely with those assumed in small strain consolidation theory when 

data are analyzed for each load increment, there is probably no advan- 

tage in using the more complicated finite strain theory in deducing 

permeability. Then, using Equations 21 and 48, the expression 

k= 
(1 + e>t 

(78) 

can be written where the bar indicates average values during the load 

increment. If 50 percent consolidation is assumed to occur simulta- 

neously with 50 percent settlement, the equation can be written 

k= 
o.197fi20wav 

(1 + e>t 
(79) 

50 

where t50 is the time required for 50 percent settlement from the 

compression-time curve for the particular load increment. The values 

for k are then plotted versus e , and a smooth curve drawn through 

the points. Plots of cv and g versus e can then also be derived 

using Equation 21 which defines c 
v ' Equation 42 which defines g , and 

the e-log (J' curve for finding av at the particular value of e . 

Examples of these distributions are given in the next section. 

Test Results 

113. Results of oedometer and CRS testing of dredged fill and 

sediment samples from areas described in Part III of this report, perme- 

ability relationships, coefficients of consolidation, and the lineariza- 

tion constant A are given next in Figures 24 through 35. Variables 

used in calculating the relationships between void ratio, permeability, 

and the coefficients of consolidation are tabulated in Appendix C. 
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Craney Island 

114. The void ratio-effective stress relationship for Craney 

Island is based on oedometer testing of one channel sediment sample and 

four samples from the disposal area as shown in Figure 24. The test re- 

sults have been corrected from the originally reported results (Palermo, 

Shields, and Hayes 1981) by assuming 100 percent saturation at test com- 

pletion. This was necessary because direct measurements of the specific 

gravity of solids were not made and original results consistently indi- 

cated saturation greater than 100 percent when average specific gravity 

values were assumed. The solid line shown in the figure is the relation- 

ship to be used in later settlement calculations. This relationship is 

based on the virgin portion of the oedometer test curves and column 

Figure 24. Void ratio-effective stress relationship 
for Craney Island material 
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sedimentation tests indicating that after one day of settling the ma- 

terial sediments to an average initial void ratio of 12.0 before consoli- 

dation begins. (In Figure 24, and other e-log (5' curves to follow, 

the 10 -4 tsf ordinate is assumed to correspond to essentially zero effec- 

tive stress and is used for plotting coo.) 

115. Figure 25 shows the void ratio-permeability relationship for 

the Craney Island material as deduced from the oedometer testing data. 

Individual points were calculated from Equation 79 and variables from 

each oedometer test as tabulated in Table Cl found in Appendix C. There 

L 

Figure 25. Void ratio-permeability relationship 
for Craney Island material 
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is some uncertainty associated with extrapolating the relationship to 

the higher void ratios but the general shape of the curve does conform 

to the shape of curves derived from direct measurements on other fine- 

grained material as reported here. Therefore, the solid line shown in 

Figure 25 is considered representative of the material and will be used 

in calculation of the coefficients of consolidation for use in later con- 

solidation calculations. 

116. Table C2 contains a listing of the variables used in calcu- 

lating the small strain and finite strain coefficients of consolidation, 

C 
V 

and g . In the table, av and k are determined from the solid 

curves in Figures 24 and 25, respectively, for corresponding void ratios. 

These values are then used in Equations 21 and 42 for calculation of cv 

and g , respectively. Figure 26 shows smoothed curves through these 

calculated points. 

117. The final soil variable necessary for the calculation of con- 

solidation by linear finite strain theory is the linearization constant 

A . To obtain this variable, the void ratio-effective stress relation- 

ship depicted in Figure 24 is plotted to an arithmetic scale over the 

range of effective stresses expected in the problem at hand. Then a 

curve corresponding to the exponential relationship of Equation 46 is 

drawn to approximate the laboratory-determined curve by choosing appro- 

priate values for the constants coo , ea, , and h . Figure 27 shows 

such a curve fitted to the Craney Island data in the range of effective 

stresses expected. 

Canaveral Harbor 

118. Only one oedometer test had been conducted on the material 

from Canaveral Harbor. A CRS test on this material was also contracted 

as mentioned earlier. Figure 28 shows the results of both these tests 

and the void ratio-effective stress relationship to be used in the cal- 

culations to follow. It is interesting to note that the first point 

(highest void ratio) of the oedometer test points characterizes verifi- 

able material behavior and is not merely a bad data point as would be 

suspected if the oedometer data were all that were available. The 

relationship is based on the average of the two test curves and the 
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Figure 26. Coefficients of consolidation as functions 
of void ratio for Craney Island material 
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Figure 28. Void ratio-effective stress relationship 
for Canaveral Harbor material 

previous data indicating the material sediments to an initial void ratio 

of about 17.0 before consolidation begins. (In Figure 28, the 10 
-4 tsf 

ordinate is not used to plot coo in order that a characteristic "S" 

shaped curve can be maintained, which means that there is a finite void 

ratio for zero effective stress.) 

119. Figure 29 shows the void ratio-permeability relationship 

for the Canaveral Harbor material as deduced from the oedometer and CRS 

testing. Table C3 lists the calculation data from the oedometer test. 
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Figure 29. Void ratio-permeability relationship 
for Canaveral Harbor material 

The data points resulting from the oedometer and CRS testing are virtu- 

ally indistinguishable and provide a testimonial to the validity of the 

separate calculation procedures. 

120. Figures 30 and 31 show curves of the coefficients of con- 

solidation and a fitted curve for the chosen constant A , respectively. 

The curves were derived as described previously for the Craney Island 

material. Table C4 contains a listing of the variables used in calcu- 

lating the small strain and finite strain coefficients c 
V 

and g . 
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Mobile test basin 

121. Data available for determination of the void ratio-effective 

stress relationship for the Mobile test basin material consisted of 

three oedometer tests reported by Palermo (1977), one previously unre- 

ported oedometer test, a CRS test by the University of Colorado, and 

three points deduced from water content measurements reported by Hammer 

(1981) from test basin no. 1, which was continuously inundated and pre- 

sumed to be nearly 100 percent consolidated when the measurements were 

taken. The solid curve shown in Figure 32 shows the primary relation- 

ship adopted for settlement calculations and conforms mainly to the 

curve as determined by the CRS test since oedometer test samples were 

obviously in an overconsolidated state when tested. The broken curve 

shown in the figure represents an attempt to average the results of the 

'CRS test and the points from in situ water contents in test basin no. 1 

and will be referred to as the secondary relationship. 

122. Figure 33 shows the void ratio-permeability relationship for 

the Mobile test basin material as determined from CRS testing. As can 

be seen in the figure, data points from oedometer testing are not consis- 

tent with the CRS test data. Since the oedometer tests were conducted 

on overconsolidated dredged material, which had been in the disposal 

area for well over 2 years, these data points are ignored when arriving 

at the primary relationship for permeability used in consolidation calcu- 

lation. However, since there was self-consistency in the oedometer data, 

a secondary relationship for permeability is also shown through the 

oedometer points and parallel to the primary relationship. A consolida- 

tion calculation will also be made using the secondary relationships. 

Table C5 lists the calculation data for oedometer tests. 

123. Curves for the coefficients of consolidation for both the 

primary and secondary effective stress relationships are shown in Fig- 

ure 34, and Table C6 lists the calculation data. Curves for determining 

the finite strain linearization constant A are shown in Figure 35. 

80 



13.0. LEGEND 

0 CRS TEST 
A OEDOMETER TEST BORING BI-21 
0 OEDOMETER TEST BORING BI-2.3 

12.0 V OEDOMETER TEST BORING 81-24 

0 OEDOMETER TEST SAMPLE 2-6 

0 TEST BASIN NO. I WATER CONTENT 

11.0’ 

0.0001 0.00 I 0.01 0.1 I.0 

EFFECTIVE STRESS U;TSF 

Figure 32. Void ratio-effective stress relationship 
for Mobile test basin material 
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PARTV: CONSOLIDATION PREDICTION VERSUS FIELD BEHAVIOR 

124. The final and most important test of any theoretical treat- 

ment of a physical problem is whether or not the theory can be used to- 

gether with the basic material properties to predict how a material will 

actually perform in the field. In this part, both small strain and 

linear finite strain theories of consolidation as described in Part II 

will be used to predict the consolidation behavior of material at sites 

as described in Part III and having properties as described in Part IV. 

125. It is important to remember that the analysis procedure pre- 

sented in this report is applicable to primary one-dimensional consoli- 

dation only. While the procedure is useful in foundation settlement 

prediction as shown by the worked example problems, only self-weight 

consolidation of the dredged material will be considered. The procedure 

does not account for any settlement due to secondary consolidation or 

surface desiccation. 

Craney Island 

126. The predictions of the surface elevation in the Craney 

Island disposal area by both small strain and linear finite strain con- 

solidation theories assuming the dredged material contains both no sand 

and 15 percent sand are shown in Figure 36. The survey data points also 

plotted in the figure represent the average surface elevation over the 

2500-acre site as reported by Palermo, Shields, and Hayes (1981). De- 

tails of each prediction calculation are tabulated in Appendix D. 

127. As shown in Figure 36, there are substantial differences in 

the consolidation behavior predicted by the two theories, and Appendix D 

shows that the finite strain theory has predicted almost 50 percent more 

settlement than the small strain theory. The figure also indicates the 

effect of accounting for the sand separately in a consolidation predic- 

tion based on gross dredged volumes. The surface elevations based on 

the assumption that the sand falls out immediately to a void ratio some- 

what less than the fine-grained slurry are consistently less than those 
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Figure 36. Predictions of surface elevations compared with 
survey data for the Craney Island disposal area 

which treat the entire amount of solids as fine grained. 

128. While all predictions apparently underestimate the amount of 

consolidation which actually took place in the disposal area, the linear 

finite strain theory with sand considered separately does come very close 

to correctly modeling the survey results. There are three main probable 

reasons for the difference between the prediction and measurement: 

a. The theory has been simplified to a form suitable for - 
hand calculation. These simplifications involve 
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b. 

assumptions which should approximate the actual material 
behavior in a conservative manner (i.e., estimate less 
settlement than is actually obtained). A more sophisti- 
cated solution technique programmed on a computer could 
result in predictions of faster settlement. A later re- 
port will deal with currently available and newly devel- 
oped computer models for dredged fill settlement, and 
therefore further discussion of this topic will be de- 
ferred. 

The Craney Island survey data include the effect of any 
foundation settlement while the predictions do not. 
Palermo, Shields, and Hayes (1981) report that the foun- 
dation is a highly plastic marine clay (CH) approximately 
80 ft deep. Material properties are similar to those 
used for the foundation material used in the example 
problems of Appendices A and B. Very rough estimates in- 
dicate that the foundation may undergo an ultimate set- 
tlement of about 2 ft under the dredged fill loading and 
only about 1 ft would have occurred at the end of the 
disposal operation described herein. So, although the 
consideration of foundation settlement would lower the 
predicted dredged material surface elevation, it would 
not fully account for the differences, and the computa- 
tional complexity is not warranted at this time. 

C. - Even though the least reported annual dredgings would 
have covered the entire site with from about 0.5 to 
1.0 ft of slurry material, the site grade, as indicated 
by topographic survey, and interior diking have resulted 
in the periodic exposure of some material to desiccation 
which undoubtably has caused settlements in excess of 
those due strictly to self-weight consolidation. No at- 
tempt has been made here to estimate the amount of desic- 
cation consolidation due to a lack of historical data, 
but the effect of such settlements would be to cause the 
predicted behavior to more closely approximate the ob- 
served behavior. 

Canaveral Harbor 

129. Predicted consolidation settlement for the Canaveral Harbor 

disposal area is shown in Figure 37 along with the measured data from 

two settlement plates installed in the area. Details of the prediction 

calculations are tabulated in Appendix E. 

130. Since the settlement plates were set on the disposal area 

foundation, the resulting data do not include the effect of any 
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foundation settlement. Area management would also have restricted sur- 

face desiccation to sometime after about day 180 during the consolida- 

tion period. Therefore, this site is considered a very good test of the 

consolidation calculation procedures presented in this report. 

131. As shown in Figure 37, the linear finite strain theory pre- 

dictions are in very close agreement with settlement plate data during 

the first 180 days of consolidation. Disagreement after 180 days is 

attributable to desiccation not accounted for in the calculation proce- 

dure. Again, there are substantial differences in the consolidation be- 

havior predicted by the two theories. The small strain theory seriously 

underpredicts settlements even before desiccation effects are possible. 

Mobile Test Basin 

132. Figure 38 shows the consolidation prediction versus field 

behavior for the Mobile test basin. Measured settlement data shown on 

the figure do not conform to that reported by Hammer (1981) because his 

settlements were based on a layer height about 40 days after filling of 

the basin had begun. The measured settlements shown in the figure are 

based on measured surface elevations and the total unconsolidated lift 

thickness at a void ratio of 10.0 which was 9.58 ft. Separate predic- 

tions for both the primary and secondary void ratio-effective stress and 

permeability relationships by both theories are shown to indicate the 

effect of the different relationships. Tabulated calculation data along 

with other tabulations for the test basin are given in Appendix F. 

133. As can be seen in the figure, all predictions seriously 

underestimate the amount of consolidation which actually took place in 

the test basin. Surface desiccation could not have been a factor before 

about day 160. Even though the finite strain theory is about 100 per- 

cent better than the small strain theory results, neither theory satis- 

factorily predicts settlements. There are two probable reasons for the 

discrepancy: 

a. The physical aspects of the test basin geometry and - 
method of material deposition may have led to very rapid 
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consolidation during basin filling. The trapezoidal 
shape of the basin and plastic lining could have created 
drainage short-circuits which allowed excess pore pres- 
sure dissipation by routes other than one-dimensionally 
through the material. There also could have been drain- 
age short-circuits created by impact loading on previ- 
ously deposited material when new material was pumped 
into the basin. Since new material was dumped directly 
on material which usually had been allowed to settle for 
24 hr, the shock waves created by this later dumping 
could also have acted as a consolidating load; and since 
material permeability is relatively high at the initial 
void ratios, there could have been consolidation induced 
which the material would normally not experience in the 
quiescent conditions away from the point of inflow in a 
conventional disposal area. 

b. The second probable reason for the big difference be- - 
tween predicted settlements and actual settlements at 
any particular time is in the void ratio-permeability re- 
lationship used for determination of the coefficients of 
consolidation. As shown in Figure 33 there is consider- 
able difference between permeabilities calculated from 
oedometer test results and those derived from the CRS 
testing which led to considerable differences in pre- 
dicted consolidation. If the true permeability is 
higher than either the primary or secondary relationship 
used, the effect would be to calculate an even faster 
settlement from consolidation. This reinforces the con- 
tention that the method of deposition created drainage 
short-circuits and therefore a higher apparent perme- 
ability. As shown in the tabulations of Appendix F, the 
ultimate calculated settlement does approach that meas- 
ured before surface desiccation became important; only 
the rate of settlement is in serious error. 
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PART VI: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

134. In this report, state-of-the-art, one-dimensional consolida- 

tion theories have been developed in relatively concise and straight- 

forward terms based on the laws of continuity, Darcy's law, force 

equilibrium, and fundamental material properties. The implications 

of simplifying assumptions during the development of the theories have 

been illustrated SO that an appreciation for their limitations could be 

gained. The governing equations were reduced to nondimensional terms 

and solution charts developed to permit calculation of settlement as a 

function of time without the benefit of sophisticated computer programs. 

A complete set of percent consolidation-time factor figures based on the 

finite strain theory of consolidation was developed. Also, a here-to- 

fore unavailable technique to handle the case of multiple layers of 

consolidating material placed over a period of time has been proposed 

and used in the solution of field problems. 

135. In terms of the original verification objectives stated in 

Part I, the following conclusions are drawn: 

a. - Accurate estimation of the ultimate settlement resulting 
from self-weight consolidation is possible by the proce- 
dures described herein. The most important aspect of 
the procedure is using a reliable void ratio-effective 
stress relationship which accurately reflects the ma- 
terial state at the lower effective stresses. In all 
the field problems considered, the ultimate settlement 
calculated compares favorably with ultimate settlement 
indicated by measurements when the effects of desicca- 
tion are ignored. 

b. - Calculation procedures based on small strain consolida- 
tion theory appear overly conservative (i.e., predict 
settlements much smaller than actually occur) in estimat- 
ing settlement as a function of time for soft, fine- 
grained dredged material. Actually, this tendency for 
underestimation of settlements with time was anticipated 
due to inherent limitations of the theory as detailed in 
Part II. The fact that none of the predictions using 
small strain theory compared favorably with field 
measurements leads to the conclusion that small strain 
theory may not be an adequate method for calculation of 
consolidation in soft, fine-grained dredged material 
subjected to self-weight loading. This conclusion does 
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not imply that the simpler small strain theory is unsuit- 
able for settlement prediction in thin, normally con- 
solidated layers due to a relatively small increase in 
effective stress. However, when used for layers of 
underconsolidated dredged fill, the theory does tend to 
give unrealistically low settlements. 

C. - In two of the three field sites studied, the calculation 
procedures based on the finite strain theory of consoli- 
dation appear to provide very realistic estimates of set- 
tlement due to primary consolidation and conform well 
with field measurements. In the case of Mobile test 
basin where neither theory gave acceptable predictions, 
other factors were identified which could have led to 
the large discrepancies. Therefore, it is concluded 
that the finite strain theory provides an appropriate 
and adequate method for calculating settlements in soft, 
fine-grained dredged material. While the theory does 
appear to give conservative estimates of settlement when 
surface desiccation has been a factor, it does not give 
the overly conservative estimates of small strain theory. 
The finite strain theory predictions are then an effec- 
tive lower bound on settlement predictions and represent 
the minimum amount of consolidation which can be ex- 
petted in a newly constructed dredged material disposal 
area in a given time. 

d. - The proposed method of analysis for estimating settle- 
ments for any number of dredged material lifts deposited 
over a period of time is deemed an appropriate hand cal- 
culation technique. Unlike other methods which recom- 
mend treating all previously placed layers as a founda- 
tion soil, this technique accounts for the interaction 
between layers which could be very important when lower 
layers undergo large volume changes and do not have a 
free draining boundary. The fact that the proposed 
method used in conjunction with the finite strain theory 
gave reasonable estimates of settlement due to primary 
consolidation at the Craney Island site through 24 years 
of dredged material disposal activity verifies its 
adequacy. 

e. - The use of oedometer testing for the determination of 
consolidation parameters for fine-grained dredged ma- 
terial proved only partially adequate for the sites 
studied herein. For both Canaveral Harbor and the 
Mobile test basin, the relationships initially extrap- 
olated had to be revised when the results of CRS testing 
became available. In the case of the Craney Island mate- 
rial where only oedometer test results were available, 
the extrapolation was apparently adequate since finite 
strain predictions did correlate with field measurements 
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to a good degree. Agreement between oedometer and CRS 
tests in the deduced void ratio-permeability relation- 
ship for Canaveral Harbor material at the lower void 
ratio is noteworthy and suggests that perhaps carefully 
conducted oedometer tests could be used routinely if an 
acceptable extrapolation technique could be devised. 
However, until such time, CRS tests are the only way of 
providing dependable material properties at the higher 
void ratios common to dredged material. 

136. As a result of this study, it is recommended that, where a 

hand calculation is appropriate , primary self-weight consolidation used 

in the design of confined dredged material disposal areas be calculated 

by procedures outlined in this report for the finite strain theory of 

consolidation. This procedure is only slightly more mathematically com- 

plex than conventional small strain formulations and gives considerably 

more accurate and realistic results. The technique contained herein for 

handling multiple lifts deposited over a period to time is also recom- 

mended due to the successful calculation involving the 24 annual deposi- 

tions at Craney Island. If oedometer testing data must be used for con- 

solidation prediction of very soft dredged material, care should be 

taken to ensure that the sample is tested at an initial void ratio as 

near that of the unconsolidated dredge slurry as possible, and it is 

recommended that the data be supplemented with some form of CRS testing 

whenever possible to define properties at the higher void ratios. 
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APPENDIX A: PRACTICAL EXAMPLE OF SINGLE CONSOLIDATING LAYER 

1. In this appendix, the practical problem of a single dredged 

fill layer deposited on a compressible foundation will be solved for 

settlement as a function of time by both small strain and linear finite 

strain theories. The solutions will involve only hand calculations and 

the appropriate percent consolidation curves given previously in this 

report. A generalized flow diagram showing the principal steps of the 

calculation procedure is shown in Figure Al. 

Problem Statement 

2. It is required to determine the time rate of surface settle- 

ment of a lO.O-ft-thick fine-grained dredged fill material having a uni- 

form initial void ratio after sedimentation of 7.0 deposited on a nor- 

mally consolidated compressible foundation 10.0 ft thick which overlies 

an impermeable bedrock. Laboratory oedometer testing of the dredged ma- 

terial resulted in the (T'-e relationship shown in Figure 5 and k-e , 

c -e , 
V 

and g-e relationships as shown in Figure 6 of the main text. 

Laboratory oedometer testing of the foundation material resulted in the 

relationships shown in Figure A2 and Figure A3. Laboratory testing also 

revealed specific gravity of solids Gs = 2.75 in the dredged material 

and Gs = 2.65 in the foundation material. 

Void Ratio Distributions 

3. For the most accurate calculations, it is necessary to know 

the distribution of void ratios throughout the consolidating layers both 

before consolidation begins and after it ends. As an aid in this and 

later calculations, Table Al is set up where the layers are subdivided 

into ten increments each. Entries in the table correspond to average 

conditions at the center of each sublayer. 

4. Completion of the table is a straightforward exercise for the 

dredged fill layer. The column for ei o is given in the problem 
, 
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Table Al 

Void Ratio Distribution and Ultimate Settlement Calculations" 

II . z. 
190 1 

1, n O! a! h 
190 

ft psf 
e. lYm e i,m 

1,o psf i.03 ft 

6 i,m 
i ft - ft 

1 1.0 0.125 0.0 7.00 6.8 6.52 0.94 0.06 

2 1.0 0.125 0.0 7.00 20.5 5.93 0.87 0.13 

3 1.0 0.125 0.0 7.00 34.1 5.57 0.82 0.18 
4 1.0 0.125 0.0 7.00 47.8 5.34 0.79 0.21 

5 1.0 0.125 0.0 7.00 61.4 5.14 0.77 0.23 

6 1.0 0.125 0.0 7.00 75.1 4.98 0.75 0.25 

7 1.0 0.125 0.0 7.00 88.7 4.86 0.73 0.27 

8 1.0 0.125 0.0 7.00 102.4 4.75 0.72 0.28 

9 1.0 0.125 0.0 7.00 116.0 4.65 0.71 0.29 

10 1.0 0.125 0.0 7.00 129.7 4.57 0.70 0.30 

Dredged Fill 

1 = 10.0 t = 1.250 t = 7.80 I: = 2.20 

Foundation 

1 1.0 0.259 13.3 2.86 149.8 2.31 

2 1.0 0.275 40.9 2.64 177.4 2.26 

3 1.0 0.286 69.7 2.50 206.2 2.23 

4 1.0 0.293 99.5 2.41 236.0 2.20 

5 1.0 0.299 130.0 2.35 266.5 2.17 

6 1.0 0.305 161.1 2.28 297.6 2.14 

7 1.0 0.308 192.6 2.25 329.1 2.11 

8 1.0 0.312 224.6 2.21 361.1 2.09 

9 1.0 0.314 256.8 2.18 393.3 2.07 

10 1.0 0.317 289.2 2.15 425.7 2.05 

2 = 10.0 2 = 2.968 

0.86 0.14 

0.90 0.10 

0.92 0.08 

0.94 0.06 

0.95 0.05 

0.96 0.04 

0.96 0.04 

0.96 0.04 

0.96 0.03 

0.97 0.03 

I = 9.38 1 = 0.61 

* Symbols are defined in the main text. 



statement and the initial effective stress a! 
l?O 

will always be zero 

by definition. The sublayer depth in reduced coordinates is calculated 

directly from Equation 68. 

h. 
Qi = 1 +':" 

1.0 
= 1 + 7.0 = 0.125 ft 

i,o 

The ultimate effective stress "1 o3 column is computed from Equation 71. 
, 

Thus 

Oi,m 
= +Ql(Ys - u,) = y [(2.75 - 1.0)62.4] = 6.8 psf 

and 

o;.,a' = +Q2CYs - u,) + Ql(Ys - y,) = 20.5 psf 

etc. 

The final void ratio ei o3 is read from the laboratory oedometer test 

curve. The usual e-log'o' curve is more accurate for this purpose 

than the curve given in Figure 5. The final sublayer height hi o3 
, 

is also calculated by substitution into Equation 68 

h 
l,rn 

= Ql(l + e l,o?) = 0.125(1 + 6.52) = 0.94 ft 

5. Completion of the table for the compressible foundation layer 

is not quite as simple since the initial void ratio is not usually known. 

However, it can be calculated given its e-log 0' curve in the normally 

consolidated state as shown in Figure Al. An iterative process is re- 

quired. First assume an initial void ratio for the first layer, el o 
, 

Based on this void ratio, calculate Q from Equation 68. Thus, 

assuming el,o = 3.0 

Ql = hl 1.0 

1 + el,o 
= 1 + 3.0 = 0.250 ft 

Using this value of Ql , "i o is calculated from Equation 71 as 
, 

5,0 
= $Ql(ys - y,) = y [(2.65 - 1.0)62.4] = 12.9 psf 

Based on this value of "i o , a new estimate of el o is made from 

Figure Al and the process Repeated until no further iterations are 

A6 



required. (Usually three iterations are required for an accuracy to.01 

in the void ratio.) Using the total effective weight of the first layer, 

a first estimate of the void ratio in the second layer is made from 

Figure Al and its true average void ratio determined as was done with 

the first sublayer. The first estimate of each following sublayer is 

based on the effective weight of those above it. 

6: Once the initial void ratios and effective stresses have been 

determined throughout the compressible foundation, the final void ratios 

and effective stresses are easily found. The final effective stress 

CT' i oc, is its initial value plus the effective weight of the dredged fill 

laier. Thus, if 

then 

'dredged fill = 'd.f.% - y,) = 136.5 psf 

U! 
1903 

= (5' i o + 136.5 
, 

for the foundation. The final sublayer void ratio can then be read from 

the e-log (T' curve and the final sublayer height hi o3 can be calcu- 
, 

lated from Equation 68. 

Ultimate Settlement 

7. Ultimate settlements for the compressible layers are calcu- 

lated directly from Equation 70. Alternately, it could have been calcu- 

lated from the difference in the sum of the sublayer heights initially 

and finally. As shown in Table Al, for the dredged fill, 603 = 2.20 ft, 

and for the foundation, 6m = 0.61 ft. The fact that ultimate settle- 

ment plus total sublayer final heights in the foundation does not equal 

the initial total sublayer heights is due to round-off errors in the 

calculations. 

Settlement as a Function of Time 

8. A prerequisite to determining settlement as a function of time 

is the selection of an appropriate coefficient of consolidation during 

A7 



the course of consolidation, and in the case of linear finite strain 

theory, appropriate values for h and N . 

9. For the dredged fill layer, a look at Table Al shows the void 

ratio will vary between the extremes 7.00 to 4.57. Figure 6 is used to 

determine the appropriate coefficient of consolidation for the average 

void ratio during consolidation. For the foundation, where the void 

ratio extremes are 2.86 to 2.05, Figure A3 is used. 

10. The value of A must be determined by approximating the 

laboratory-determined curve with one of the form of Equation 46. Fig- 

ure A4 shows that an appropriate value for the dredged fill is 

A = 0.026 ft3/lb 

and Figure A5 shows that for the foundation 

A = 0.009 ft3/lb 

is appropriate. These curves were fitted in the range of expected void 

ratios only and should not be used in computations outside those ranges. 

11. Next, from the previously derived data, N can be calculated 

by Equation 54. For the dredged fill 

N = 3.55 

and for the foundation 

N = 2.75 

12. All that remains is to calculate the dimensionless time 

factor from either Equation 48 where H = 10.0 ft initially for both 

layers or by Equation 53 with appropriate constants. By small strain 

theory, Figure 8 is used to determine percent consolidation. Curve 

type I is used for the foundation and type III for the dredged fill. 

By linear finite strain theory, Figure 9 is used for the foundation and 

Figure 11 for the dredged fill. The calculations are organized in 

Table A2 and results plotted in Figures A6 and A7. 
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1.0 

Q, 6.0 

0 
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a 
P 
n 
0 
’ 5.0 

\ n WHERE: coo = 7.0 

\ eaJ = 4.5 
\ 

\ 
A = 0.026 

~--e=fe,,-e,)~xPf-a~~+e, 

/ OEDOME TER DATA 

4.0 I I I I I 1 

0 25 50 75 100 125 150 

U: PSF 

Figure A4. Exponential void ratio-effective stress relationship 
fitted to oedometer data for dredged fill 

WHERE: coo = 3.0 

ecn = 2.0 

a~ 2.5 - 

0 OEDOME TER DATA 
I= 
a 
lx 
P 
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’ 2.0 - 

1.5 - I I I I I 1 
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U; PSF 

Figure A5. Exponential void ratio-effective stress relationship 
fitted to oedometer data for foundation 
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Table A2 

Percent Consolidation and Settlement Calculations 

Small Linear Finite 

t ii 
iv 

Strain Theory 
6 ii 

p ft e ft 

g 
Strain Theory 

days: ft ft /day T -- ft2/day T 

Dredged Fill 

500 6.8 9.75 1.25~10-~ 

1000 6.5 9.38 1.20~10-~ 

1500 6.3 9.13 1.17x1o-2 

2000 6.1 8.88 1.15x1o-2 
2500 5.9 8.63 1.14x10 -2 

3000 5.8 8.50 1.13x10 -2 

3500 5.7 8.38 1.13x10 -2 

4000 5.6 8.25 1.13x10 -2 

4500 5.5 8.13 1.13~10-~ 

5000 5.4 8.00 1.14~10-~ 

0.066 14 0.31 6.4 9.25 2.16~10-~ 0.069 33 0.73 

0.136 26 0.57 5.9 8.63 2.410~10 -4 0.154 64 1.41 

0.211 39 0.86 5.5 8.13 2.73x10 -4 0.262 85 1.87 

0.292 50 1.10 5.3 7.87 2.96x10 -4 0.379 94 2.07 

0.383 60 1.32 5.3 7.87 2.96x10 -4 0.474 97 2.13 

0.469 68 1.50 5.3 7.87 2.96x10 -4 0.57 99 2.18 

0.56 74 1.63 5.3 7.87 2.96x10 -4 0.66 100 2.20 

0.66 80 1.76 100 2.20 

0.77 85 1.87 100 2.20 

0.89 89 1.96 100 2.20 

Foundation 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

2.30 9.79 1.15x10 -2 

2.30 9.79 1.15x10 -2 

2.25 9.65 1.24~10-~ 
2.25 9.65 1.24x10 -2 

2.25 0.65 1.24x10 -2 

2.20 9.50 1.32x10 -2 

2.20 9.50 1.32x10 -2 

2.20 9.50 1.32x10 -2 

2.20 9.50 1.32x10 -2 

2.20 9.50 1.32~10-~ 

0.060 28 0.17 2.25 9.65 

0.120 40 0.24 2.20 9.50 

0.200 51 0.31 2.20 9.50 

0.266 58 0.35 2.15 9.35 

0.333 65 0.40 2.15 9.35 

0.439 73 0.45 2.15 9.35 

0.51 77 0.47 2.15 9.35 

0.59 81 0.49 2.15 9.35 

0.66 84 0.51 

0.73 87 0.53 

1.19x10 
-3 

0.068 

1.30x10 
-3 

0.148 

1.30x10 
-3 

0.221 

1.45x10 
-3 

0.329 

1.45x10 
-3 

0.412 

1.45x10 
-3 

0.494 

1.45x10 
-3 

0.58 

1.45x10 
-3 

0.66 

62 0.38 

78 0.48 

87 0.53 

93 0.57 

96 0.59 

98 0.60 

99 0.60 

100 0.61 

100 0.61 

100 0.61 

Dredged material: 6= = 2.20 ft ; N = 3.55 

Foundation: $ = 0.61 ft ; N = 2.75 
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APPENDIX B: PRACTICAL EXAMPLE OF MULTIPLE CONSOLIDATING LAYERS 

1. This appendix solves the practical problem of multiple dredged 

fill layers deposited on a compressible foundation. Again, the object 

is settlement as a function of time and both small strain and linear 

finite strain theories will be used so that a comparison can be made. 

The procedure involves hand calculations and the appropriate percent 

consolidation curves previously given. 

Problem Statement 

2. In this problem it is required to determine the time rate of 

settlement of a dredged fill deposited in three layers. The first de- 

posit is 4.0 ft thick, the second is 3.0 ft thick deposited at the be- 

ginning of the second year, and the third is 3.0 ft thick deposited at 

the beginning of the fifth year. The compressible foundation is again 

10.0 ft thick, normally consolidated, and overlies impermeable bedrock. 

All material properties are as given in the previous problem solved in 

Appendix A. 

Void Ratio Distributions 

3. Table Bl shows the results of initial and final void ratio cal- 

culations. These void ratios were calculated in exactly the same way as 

was done for the problem in Appendix A, and indeed the initial condi- 

tions and final conditions after the entire 10.0 ft of dredged fill has 

been placed are exactly the same since indentical material properties 

and total depths of material are used. 

Ultimate Settlement 

4. Ultimate settlements were again calculated from Equation 70 

and the information from Table Bl. The summations in the table are re- 

spectively for the first, second, and third dredged fill layers. As 

Bl 
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before, the ultimate settlement after the entire 10.0 ft of dredged fill 

is placed is the same as the previous problem. 

Settlement as Function of Time 

5. At the average void ratio during consolidation, Figure 6 and 

Figure A2 a-re used to determine variations in the coefficients of con- 

solidation. The fitted curves shown in Figures Bl, A3, and A4 are used 

to determine the linearization constant A . 

6. For consolidation under the first dredged fill layer: 

Dredged Fill Foundation 

A= 0.031 ft3/lb 0.009 ft3/lb 

N= 1.70 2.75 

For consolidation under the first and second dredged fill layers: 

Dredged Fill 

A= 0.031 ft3/lb 

N= 2.95 

For consolidation under all dredged 

Dredged Fill 

A= 0.026 ft3/lb 

N= 3.55 

7. Using the above constants 

Foundation 

0.009 ft3/lb 

2.75 

fill layers: 

Foundation 

0.009 ft3/lb 

2.75 

and applicable figures from the 

report, Tables B2 and B3 are constructed from Equations 73, 74, 75, 

and 76. Figures B2 and B3 show the calculated data plotted on a time 

scale. 

B3 
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Figure Bl. Exponential void ratio-effective stress relationships 
fitted to oedometer data for dredged fill 
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Table B2 

Percent Consolidation and Settlement Calculations by 

t 
Ih i,o 

days ft 

300 4.0 

600 4.0 

730- 4.0 

730+ 7.0 

1000 7.0 

1500 7.0 770 6.0 

1825- 7.0 1095 5.9 

1825+ 10.0 0 - 

2500 10.0 675 6.0 

3000 10.0 1175 5.9 

3500 10.0 1675 5.8 8.50 

4000 10.0 2175 5.7 8.38 

4500 10.0 2675 5.6 8.25 

5000 10.0 3175 5.5 8.13 

300 10.0 300 2.35 

600 10.0 600 2.35 

730- 10.0 730 2.35 

730+ 10.0 0 - 

1000 10.0 270 2.30 

1500 10.0 770 2.30 

1825- 10.0 1095 2.30 

1825+ 10.0 0 - 

2500 10.0 675 2.25 

3000 10.0 1175 2.20 

3500 10.0 1675 2.20 9.50 

4000 10.0 2175 2.20 9.50 

4500 10.0 2675 2.20 9.50 

5000 10.0 3175 2.20 9.50 

Small Strain Theory 

t’ 
days e - - 

300 6.5 

600 6.1 

730 6.0 

0 - 

270 6.3 

Ff 
ft 

3.75 

3.55 

3.50 

6.39 

6.13 

6.04 

8.75 

8.63 

9.94 

9.94 

9.94 

9.79 

9.79 

9.79 

9.65 

9.50 

LV 

ft2/day T' 

Dredged Fill 

1.20x10 -2 0.256 

1.15x10 -2 0.55 

1.13x10 -2 0.67 

0.0 

1.17x1o-2 0.077 

1.13x10 -2 0.232 

1.13x1o-2 0.339 

0.0 

1.13x10 -2 0.100 

1.13x10 -2 0.178 

1.12x10 -2 0.260 

1.12x10 -2 0.347 

1.12x1o-2 0.440 

1.12x10 -2 0.54 

Foundation 

45 0.58 0.0 0.26 45 

73 0.58 0.0 0.43 73 

80 0.58 0.0 0.46 80 

0 1.33 0.46 0.46 35 

15 1.33 0.46 0.60 45 

42 1.33 0.46 0.83 62 

55 1.33 0.46 0.94 71 

0 2.20 0.94 0.94 43 

20 2.20 0.94 1.19 54 

33 2.20 0.94 1.36 62 

46 2.20 0.94 1.52 69 

56 2.20 0.94 1.65 75 

66 2.20 0.94 1.77 80 

72 2.20 0.94 1.85 84 

1.05x10 -2 0.032 

1.05x10 -2 0.064 

1.05x10 -2 0.078 

0.0 

1.15x10 -2 0.032 

1.15x10 -2 0.092 

1.15x10 -2 0.131 

0.0 

1.24x10 -2 0.090 

1.32x10 -2 0.132 

1.32x10 -2 0.245 

1.32x10 -2 0.318 

1.32x10 -2 0.391 

1.32x10 -2 0.464 

20 0.35 0.0 0.07 20 

29 0.35 0.0 0.10 29 

32 0.35 0.0 0.11 32 

0 0.51 0.11 0.11 22 

20 0.51 0.11 0.19 37 

34 0.51 0.11 0.25 49 

41 0.51 0.11 0.27 53 

0 0.61 0.27 0.27 44 

34 0.61 0.27 0.39 64 

47 0.61 0.27 0.43 70 

56 0.61 0.27 0.46 75 

63 0.61 0.27 0.48 79 

70 0.61 0.27 0.51 84 

74 0.61 0.27 0.52 85 



t th. 
170 

ft days 

300 4.0 300 6.1 3.55 2.30x10 -4 0.284 1.70 69 0.58 0.0 0.40 69 

600 4.0 600 6.0 3.50 2.37x10 -4 0.57 1.70 91 0.58 0.0 0.53 91 

730- 4.0 730 5.9 3.45 2.41x10 -4 0.70 1.70 95 0.58 0.0 0.55 95 

730+ 7.0 0 - 0.0 2.95 0 1.33 0.55 0.55 41 

1000 7.0 270 6.0 6.13 2.37~10-~ 0.084 2.95 34 1.33 0.55 0.81 62 

1500 7.0 770 5.7 

1825- 7.0 1095 5.5 

1825+ 10.0 0 - 

2500 10.0 675 5.6 

3000 10.0 1175 5.4 

3500 10.0 1675 5.3 

4000 10.0 2175 5.3 

4500 10.0 2675 5.2 

5000 10.0 3175 5.2 

300 10.0 300 2.30 9.79 1.05x10 -3 0.036 2.75 49 0.35 0.0 0.17 49 

600 10.0 600 2.30 9.79 1.05x10 -3 0.072 2.75 63 0.35 0.0 0.22 63 

730- 10.0 730 2.30 9.79 1.05x10 -3 0.087 2.75 67 0.35 0.0 0.23 67 

730+ 10.0 0 - 0.0 2.75 0 0.51 0.23 0.23 45 

1000 10.0 270 2.25 9.65 1.19x10 -3 0.036 2.75 49 0.51 0.23 0.37 73 

1500 10.0 770 2.20 9.50 1.3ox1o-3 0.114 2.75 

1825- 10.0 1095 2.20 9.50 1.30x10 -3 0.162 2.75 

1825+ 10.0 0 - 0.0 2.75 

2500 10.0 675 2.20 9.50 1.3ox1o-3 0.100 2.75 

3000 10.0 1175 2.15 9.35 1.45x10 -3 0.193 2.75 

3500 10.0 

4000 10.0 

4500 10.0 

5000 10.0 

- 

Table B3 

Percent Consolidation and Settlement Calculations by 

t’ ii g 
days; ft ft2/day T' 

Dredged Fill 

5.86 2.57x10 -4 0.258 

5.69 2.75x10 -4 0.393 

0.0 

8.25 2.65x10 -4 0.114 

8.00 2.85x10 -4 0.214 

7.87 2.96x10 -4 0.317 

7.87 2.96x10 -4 0.412 

7.75 3.09x10 -4 0.53 

7.75 3.09x10 -4 0.63 

Foundation 

1675 2.15 

2175 2.15 

2675 2.15 

3175 - 

9.35 1.45x1o-3 0.276 

9.35 1.45x10 -3 0.358 

9.35 1.45x1o-3 0.440 

Linear Finite Strain Theory 

N 

2.95 80 1.33 0.55 1.17 88 

2.95 92 1.33 0.55 1.27 95 

3.55 0 2.20 1.27 1.27 58 

3.55 51 2.20 1.27 1.74 79 

3.55 78 2.20 1.27 2.00 91 

3.55 90 2.20 1.27 2.11 96 

3.55 95 2.20 1.27 2.15 98 

3.55 99 2.20 1.27 2.19 99 

3.55 100 2.20 1.27 2.20 100 

2.75 

2.75 

2.75 

2.75 

72 0.51 0.23 0.43 

80 0.51 0.23 0.45 

0 0.61 0.45 0.45 

69 0.61 0.45 0.56 

84 0.61 0.45 0.58 

84 0.61 0.45 0.59 

go 0.61 0.45 0.60 

97 0.61 0.45 0.61 

loo 0.61 0.45 0.61 

84 

88 

74 

92 

95 

97 

98 

100 

100 
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APPENDIX C: CALCULATION DATA FOR PERMEABILITY 
AND COEFFICIENTS OF CONSOLIDATION 

This appendix contains tabulated data used in the calculation of 

permeability and coefficients of consolidation for material from Craney 

Island, Canaveral Harbor, and Mobile test basin referred to in Part IV 

of the report. 

Cl 



Table Cl 

Data Used in Calculating Permeability from Oedometer Testing 

Craney Island 

0’ 
Sample tsf e G ___ - - 

0.013 6.31 
6.24 

0.02 6.17 
5.69 

0.05 5.21 
4.87 

(eo1iB8.59) 1':: z'z: 4.17 

3.56 
0.50 3.32 

3.04 
1.00 2.77 

2.56 
2.00 2.35 

0.006 5.34 
5.29 

0.02 5.24 
5.08 

0.05 4.92 
4.54 

(',3125.44) 1.:: :':I 3.82 
. 

3.21 
0.50 2.94 

2.72 
1.00 2.50 

a 
v-l psf 

1.184 x 10 -2 

1.551 x lo-2 

6.080 x lo-3 

2.792 x lo-3 

1.303 x 10 -3 

6.515 x 10 -4 

2.533 x 10 -4 

3.508 x lO-3 

6.887 x lO-3 

8.396 x lO-3 

2.147 x lO-3 

1.002 x lo-3 

4.140 x 10 -4 

ii2 
in. 2 

0.3084 

0.2639 

0.2014 

0.1562 

0.1209 

0.0953 

0.0732 

0.5435 20 

0.5007 140 

0.4152 69 

0.3119 23 

0.2360 39 

0.1822 23 

t50 
min 

3.25 

300 

315 

32 

32 

25 

20 

k 
ft/min 

1.325 x lO-5 

1.741 x lo-7 

5.653 x lO-8 

2.290 x lo-7 

9.216 x lO-8 

5.248 x lO-8 

2.223 x 10 -8 

1.294 x 10 -6 

3.458 x lO-7 

7.785 x lO-7 

5.157 x lo-7 

1.229 x lo-7 

7.526 x lO-8 

(Continued) 



Table Cl (Concluded) 

CJ’ 
Sample tsf 

0.007 

q-02 

0.05 

(eo3z84.56) ,“‘:i 
. 

0.50 

1.00 

0.013 

0.02 

0.05 

(eo4i’5. 84) 1’:: 
. 

0.50 

1.00 

0.012 

0.02 

0.05 

(eo4155.35) 1’:: 
. 

0.50 

1.00 

a ii2 
v-l e e in. 2 

- - psf 

4.55 
4.53 1.428 x 1O-3 0.5547 

4.51 
4.46 1.882 x 1O-3 0.5401 

4.41 
4.35 1.795 x 1O-3 0.5188 

4.29 
4.02 1.787 x 1O-3 0.4536 

3.74 
3.51 8.339 x 1O-4 0.3602 

3.27 
2.99 5.762 x 10 -4 0.2793 

2.70 

5.74 
5.71 4.080 x 1O-3 0.5391 

5.68 
5.52 4.901 x 1O-3 0.5104 

5.36 
5.09 5.646 x 1O-3 0.4424 

4.82 
4.29 3.288 x 1O-3 0.3320 

3.75 
3.47 1.100 x 1O-3 0.2346 

3.18 
2.65 3.802 x 10 -4 0.1747 

2.12 

5.28 
5.25 4.614 x 1O-3 0.5426 

5.21 
4.99 7.693 x 1O-3 0.4962 

4.77 
4.54 4.806 x 1O-3 0.4250 

4.31 
3.95 2.060 x 1O-3 0.3402 

3.58 
3.36 9.613 x 10 -4 0.2602 

3.13 
2.87 4.806 x 10 -4 0.2020 

2.61 

t50 
min 

6 

18 

24 

39 

51 

30 

8 

48 

50 

50 

30 

27 

26 

56 

78 

48 

36 

25 

k 
ft/min 

2.038 x 10 -6 

8.829 x 1O-7 

6.191 x 1O-7 

3.534 x 1o-7 

1.115 x 1o-7 

1.148 x 1O-7 

3.498 x 10 -6 

6.823 x 1O-7 

7.003 x 1o-7 

3.523 x 1O-7 

1.643 x 1O-7 

1.332 x 1O-7 

1.315 x 10 -6 

9.715 x 1o-7 

4.035 x 1o.-7 

2.518 x 1O-7 

1.360 x 1O-7 

8.566 x 1O-8 



Table C2 

Data Used for Calculation of Coefficients of Consolidation 

Craney Island 

e 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

nsf % 

7.854 x 1O-5 
1.538 x 10 -4 

3.076 x 1O-4 

5.954 x 1o-4 

1.191 x 1o-3 

2.307 x 1O-3 

5.670 x 1O-3 
1.104 x 10 -2 

1.642 x 10 -2 

2.404 x 1O-2 

5.100 x 1o-2 

1.069 x 10-l 

2.244 x 10-l 

4.774 x 10-l 

8.185 x 10-l 

k 7'; 
ft/day 

2.059 x 10 -6 

1.008 x 10 -5 

3.816 x 1O-5 
1.109 x 10 -4 

2.448 x 1O-4 
4.752 x 10 -4 

6.568 x 1O-4 
1.440 x 10 -3 

2.419 x 1o-3 

3.888 x 1O-3 

9.792 x 1o-3 

2.448 x 1O-2 

6.764 x 1O-2 

1.584 x 10-l 

4.032 x 10-l 

3 ft /day 

1.050 x 10 -5 

3.151 x 1o-3 

6.958 x 1O-3 

1.194 x 10 -2 

1.482 x 1O-2 

1.650 x 10 -2 

1.332 x 1O-2 

1.254 x 1O-2 

1.535 x 1o-2 

1.814 x 10 -2 

2.462 x 1O-2 

3.303 x 1o-2 

4.473 x 1o-2 

5.849 x 1O-2 

9.475 x 1o-2 

g 

ft2/day 

1.681 x 10 -4 

3.501 x 10 -4 

5.680 x 1O-4 
7.462 x 10 -4 

7.320 x 10 -4 

6.602 x 10 -4 

4.403 x 1o-4 

3.484 x 1O-4 
3.632 x 10 -4 

3.703 x 10 -4 

3.846 x 1O-4 

4.078 x 1O-4 
4.473 x 10 -4 

4.834 x 1O-4 
6.579 x 10 -4 

* These values determined from curves shown in Figures 24 and 25. 



Table C3 

Data Used in Calculating Permeability from Oedometer Testing 

Canaveral Harbor 

0’ 
tsf 

0.012 

0.02 

0.05 

t e = 8.13) 0.10 
0 

0.75 

0.50 

1.00 

e 

5.84 

4.59 

4.05 

3.67 

3.14 

2.63 

2.28 

e 

a 
v-l psf in. 2 t50 

min 

5.22 5.836 x 1O-2 0.2452 130 

4.52 5.956 x 1O-3 0.1889 110 

3.86 3.445 x 1o-5 0.1585 72 

3.40 1.836 x 1O-3 50 

2.88 9.207 x 10 -4 60 

2.46 3.619 x 10 -4 

0.1301 

0.1000 

0.0799 41 

k 
ft/min 

1.511 x 10 -6 

1.641 x 10 -7 

1.332 x 1O-7 

9.269 x 1O-8 

3.376 x 10 -8 

1.740 x 10 -8 



Table C4 

Data Used for Calculation of Coefficients of Consolidation 

Canaveral Harbor 

e 

a>? 
Vl psf 

k ;'; 3 
g 

ft/day ft /day ft2/day 

2.0 1.686 x 10 -4 1.123 x 10 -5 3.202 1O-3 3.558 10 -4 x x 
3.0 7.638 x 10 -4 5.616 x 1O-5 4.713 x 1o-3 2.946 x 10 -4 

4.0 3.716 x 1O-3 2.335 x 10 -4 5.031 1o-3 2.012 -4 x x 10 
5.0 1.864 x 10 -2 7.632 x 10 -4 3.937 x 1o-3 1.094 x 10 -4 

6.0 5.429 x 1o-2 1.814 x 10 -3 3.748 x 1O-3 7.650 x 1O-5 

8.0 1.371 x 10 -1 5.760 x 1O-3 6.060 x 1o-3 7.481 x 1O-5 

10.0 3.427 x 10-l 2.088 x 1O-2 1.074 x 10 -2 8.876 x 1O-5 
12.0 8.501 x 10-l 1.123 x 10 -1 2.752 x 10 -2 1.628 x 10 -4 

14.0 2.150 x 10' 6.336 x 10-l 7.084 x 1O-2 3.148 x 1O-4 

7'; These values determined from curves shown in Figures 28 and 29. 



Table C5 

Data Used in Calculating Permeability from Oedometer Testing 

Mobile Test Basin 

Sample 
0’ a ii2 

tsf e G "-1 psf in. 2 t50 k 
min ft/min - - - ~ - 

0.04 2.94 
2.89 1.086 x 10 -3 1.7745 230 1.839 x 10 -7 

0.08 2.85 

2.77 1.068 x lO-3 1.6675 60 6.721 x lO-7 

0.16 2.69 

2.55 8.143 x 10 -4 1.4940 46 6.360 x lO-7 

0.32 2.42 

2.26 4.750 x 10 -4 1.2551 34 4.592 x lo-7 

0.64 2.10 

2.01 1.402 x 10 -4 1.0605 9 4.685 x lO-7 

1.28 1.91 

0.04 2.63 

2.59 1.086 x lo-3 1.7240 200 2.226 x lO-7 

0.08 2.55 

2.48 9.048 x 10 -4 1.6205 60 5.995 x lo-7 

(eoB;-;y80) 0.16 2.41 2.28 7.510 x 10 -4 1.4454 57 4.967 x lO-7 

0.32 2.16 

2.01 4.479 -4 x 10 1.2243 42 3.703 x lo-7 

0.64 1.87 

1.76 1.696 x lO-3 1.0140 24 2.216 x lO-7 

1.28 1.64 

(Continued) 



Table C5 (Concluded) 

Sample 

( eoB’-i”57) 

(5’ a 

tsf e G v-l 
DSf in. 2 

0.04 2.46 

2.41 1.339 x 10 -3 1.8382 

0.08 2.36 

2.27 1.122 x 1O-5 1.6913 

0.16 2.18 

2.06 7.691 x 10 -4 1.4872 

0.32 1.94 

1.81 3.845 x 10 -4 1.2455 

0.64 1.68 

1.55 1.923 x 10 -4 1.0221 

1.25 1.41 

t50 
min 

65 

41 

40 

32 

28 

k 
ft/min 

9.480 x 1O-7 

1.708 x 10 -6 

7.977 x 1o-7 

4.546 x 1O-7 

2.350 x 1O-7 

0.02 2.54 
2.43 5.285 x 10 -3 1.6654 100 1.363 x 10 -6 

0.05 2.32 

2.23 1.535 x 1O-3 1.4702 85 7.017 x 1o-7 

(eo2i62. 98) 2.02 8.438 x 10 -4 1.2905 41 7.507 x 1o-7 

0.25 1.88 

1.78 3.938 x 10 -4 1.0899 39 3.379 x 1o-7 

0.50 1.69 

1.59 1.969 x 10 -4 0.9467 25 2.458 x 1O-7 

1.00 1.49 
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APPENDIX D: CALCULATION OF SETTLEMENTS AT CFQWEY ISLAND 

This appendix contains tables of data used for the calculation 

of settlements in the Craney Island disposal area. Ultimate settlement 

and consolidation as a function of time are included. 

Dl 



Table Dl 

Ultimate Settlement Calculations for Craney Island Disposal Area 

(coo = 12.0 ; Gs = 2.75) 

h i,o 2.h i,o Q. 

ft ft f: - ___ 

h i,m 6 i,@ 
ft ft 

IQ i O! 
1903 

ft Psf 
e i.03 i 

0.50 0.50 0.0385 0.0385 2.1 10.40 0.4385 0.0615 0.0615 
0.50 1.00 0.0385 0.0769 6.3 8.94 0.3823 0.1177 0.1792 
0.50 1.50 0.0385 0.1154 10.5 8.26 0.3562 0.1438 0.3230 
0.50 2.00 0.0385 0.1538 14.7 7.81 0.3350 0.1650 0.4880 
0.50 2.50 0.0385 0.1923 18.9 7.47 0.3258 0.1742 0.6622 

6 0.50 3.00 0.0385 0.2308 23.1 7.20 0.3154 0.1846 0.8468 
7 0.50 3.50 0.0385 0.2692 27.3 6.97 0.3065 0.1935 1.0403 
8 0.50 4.00 0.0385 0.3077 31.5 6.78 0.2292 0.2008 1.2411 
9 0.50 4.50 0.0385 0.3462 35.7 6.63 0.2935 0.2065 1.4476 

10 0.50 5.00 0.0385 0.3846 39.9 6.47 0.2873 0.2127 1.6603 

11 0.50 5.50 0.0385 0.4231 44.1 6.33 0.2819 0.2181 1.8784 
12 0.50 6.00 0.0385 0.4615 48.3 6.70 0.2769 0.2231 2.1015 
13 0.50 6.50 0.0385 0.500 52.5 6.09 0.2727 0.2273 2.3288 
14 0.50 7.00 0.0385 0.5385 56.7 5.99 0.2688 0.2312 2.5600 
15 0.50 7.50 0.0385 0.5769 60.9 5.90 0.2654 0.2346 2.7946 

16 0.50 8.00 0.0385 0.6154 65.1 5.81 0.2619 0.2381 3.0327 
17 0.50 8.50 0.0385 0.6538 69.3 5.72 0.2585 0.2415 3.2742 
18 0.50 9.00 0.0385 0.6923 73.5 5.64 0.2554 0.2446 3.5188 
19 0.50 9.50 0.0385 0.7308 77.7 5.57 0.2527 0.2473 3.7661 
20 0.50 10.00 0.0385 0.7692 81.9 5.50 0.2500 0.2500 4.0161 

21 0.50 10.50 0.0385 0.8077 86.1 5.43 0.2473 0.2527 4.2688 
22 0.50 11.00 0.0385 0.8462 90.3 5.37 0.2450 0.2550 4.5238 
23 0.50 11.50 0.0385 0.8846 94.5 5.29 0.2419 0.2581 4.7819 
24 0.50 12.00 0.0385 0.9231 98.7 5.24 0.2400 0.2600 5.0419 
25 0.50 12.50 0.0385 0.9615 102.9 5.18 0.2377 0.2623 5.3042 

26 0.50 13.00 0.0385 1.0000 107.1 5.12 0.2354 0.2646 5.5688 
27 0.50 13.50 0.0385 1.0385 111.3 5.07 0.2335 0.2665 5.8353 
28 0.50 14.00 0.0385 1.0769 115.5 5.02 0.2315 0.2685 6.1038 
29 0.50 14.50 0.0385 1.1154 119.7 4.98 0.2300 0.2700 6.3738 
30 0.50 15.00 0.0385 1.1538 123.9 4.93 0.2281 0.2719 6.6457 

(Continued) 
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Table Dl (Continued) 

h i,o th i,o Q. 

ft ft f: 

O! 
lYW 

psf 

h 6 
e i,@ i,@ 

i.m ft ft 
‘6i 03 

ft' 

IQ. 

fT i 
I  

31 0.50 15.50 0.0385 1.1923 128.1 4.89 0.2265 0.2735 6.9192 
32 0.50 16.00 0.0385 1.2308 132.3 4.85 0.2250 0.2750 7.1942 
33 0.50 16.50 0.0385 1.2692 136.5 4.81 0.2235 0.2765 7.4707 
34 0.50 17.00 0.0385 1.3077 140.7 4.77 0.2219 0.2781 7.7488 
35 0.50 17.50 0.0385 1.3462 144.9 4.73 0.2204 0.2796 8.0284 

36 0.50 18.00 0.0385 1.3846 149.1 4.70 0.2192 0.2808 8.3092 
37 0.50 18.50 0.0385 1.4231 153.3 4.67 0.2181 0.2819 8.5911 
38 0.50 19.00 0.0385 1.4615 157.5 4.64 0.2169 0.2831 8.8742 
39 0.50 19.50 0.0385 1.5000 161.7 4.61 0.2158 0.2842 9.1584 
40 0.50 20.00 0.0385 1.5385 165.9 4.58 0.2146 0.2854 9.4438 

41 0.50 20.50 0.0385 1.5769 170.1 4.55 0.2135 0.2865 9.7303 
42 0.50 21.00 0.0385 1.6154 174.3 4.53 0.2127 0.2873 10.0176 
43 0.50 21.50 0.0385 1.6538 178.5 4.51 0.2119 0.2881 10.3057 
44 0.50 22.00 0.0385 1.6923 182.7 4.49 0.2112 0.2888 10.5945 
45 0.50 22.50 0.0385 1.7308 186.9 4.47 0.2104 0.2896 10.8841 

46 0.50 23.00 0.0385 1.7692 191.1 4.45 0.2096 0.2904 11.1745 
47 0.50 23.50 0.0385 1.8077 195.3 4.43 0.2088 0.2912 11.4657 
48 0.50 24.00 0.0385 1.8462 199.5 4.41 0.2081 0.2919 11.7576 
49 0.50 24.50 0.0385 1.8846 203.7 4.39 0.2073 0.2927 12.0503 
50 0.50 25.00 0.0385 1.9231 207.9 4.37 0.2065 0.2935 12.3438 

51 0.50 25.50 0.0385 1.9615 212.1 4.35 0.2058 0.2942 12.6380 
52 0.50 26.00 0.0385 2.000 216.3 4.33 0.2050 0.2950 12.9330 
53 0.50 26.50 0.0385 2.0385 220.5 4.31 0.2042 0.2958 13.2288 
54 0.50 27.00 0.0385 2.0769 224.7 4.29 0.2035 0.2965 13.5253 
55 0.50 27.50 0.0385 2.1154 228.9 4.27 0.2027 0.2973 13.8226 

56 0.50 28.00 0.0385 2.1538 233.1 4.26 0.2073 0.2977 14.1203 
57 0.50 28.50 0.0385 2.1923 237.3 4.24 0.2015 0.2985 14.4188 
58 0.50 29.00 0.0385 2.2308 241.5 4.22 0.2008 0.2992 14.7180 
59 0.50 29.50 0.0385 2.2692 245.7 4.20 0.2000 0.3000 15.0180 
60 0.50 30.00 0.0385 2.3077 249.9 4.19 0.1996 0.3004 15.3184 

(Continued) 
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Table Dl (Continued) 

O! lPm 
psf 

h i,m 6 i,(*) "i 03 , 
hi o thi o JIi 

f; ft' ft ~ ~ i 

61 0.50 30.50 0.0385 2.3462 254.1 
62 0.50 31.00 0.0385 2.3846 258.3 
63 0.50 31.50 0.0385 2.4231 262.5 
64 0.50 32.00 0.0385 2.4615 266.7 
65 0.50 32.50 0.0385 2.5000 270.9 

Li,m ft ft ft 

4.18 0.1992 0.3008 15.6192 
4.16 0.1985 0.3015 15.9207 
4.14 0.1977 0.3023 16.2230 
4.13 0.1973 0.3027 16.5257 
4.12 0.1 969 0.3031 6.8288 

66 0.50 33.00 0.0385 2.5385 275.1 4.11 0.1 965 0.3035 
67 0.50 33.50 0.0385 2.5769 279.3 4.09 0.1 958 0.3042 
68 0.50 34.00 0.0385 2.6154 283.5 4.03 0.1 954 0.3046 
69 0.50 34.50 0.0385 2.6538 287.7 4.07 0.1 950 0.3050 
70 0.50 35.00 0.0385 2.6923 291.9 4.06 0.1 946 0.3054 

7.1323 
7.4365 
7.7411 
8.0461 
8.3515 

71 0.50 35.50 0.0385 2.7308 296.1 
72 0.50 36.00 0.0385 2.7692 300.3 
73 0.50 36.50 0.0385 2.8077 304.5 
74 0.50 37.00 0.0385 2.8462 308.7 
75 0.50 37.50 0.0385 2.8846 312.9 

4.05 0.1 942 0.3058 
4.04 0.1 938 0.3062 
4.03 0.1 935 0.3065 

8.6573 
8.9635 
9.2700 

4.02 0.1931 0.3069 19.5769 
4.01 0.1927 0.3073 19.8842 

76 0.50 38.00 0.0385 2.9231 317.1 4.00 0.1923 0.3077 20.1919 
77 0.50 38.50 0.0385 2.9615 321.3 3.99 0.1919 0.3081 20.5000 
78 0.50 39.00 0.0385 3.0000 325.5 3.98 0.1915 0.3085 20.8085 
79 0.50 39.50 0.0385 3.0385 329.7 3.97 0.1912 0.3088 21.1173 
80 0.50 40.00 0.0385 3.0769 333.9 3.96 0.1908 0.3092 21.4265 

81 0.50 40.50 0.0385 3.1154 338.1 3.95 0.1904 0.3096 21.7361 
82 0.50 41.00 0.0385 3.1538 342.3 3.94 0.1900 0.3100 22.0461 
83 0.50 41.50 0.0385 3.1923 346.5 3.95 0.1896 0.3104 22.3565 
84 0.50 42.00 0.0385 3.2308 350.7 3.92 0.1892 0.3108 22.6673 
85 0.50 42.50 0.0385 3.2692 354.9 3.92 0.1892 0.3108 22.9781 

86 0.50 43.00 0.0385 3.3077 359.1 3.91 0.1888 0.3112 23.2893 
87 0.50 43.50 0.0385 3.3462 363.3 3.90 0.1885 0.3115 23.6008 
88 0.50 44.00 0.0385 3.3846 367.5 3.89 0.1881 0.3119 23.9127 
89 0.50 44.50 0.0385 3.4231 371.7 3.88 0.1877 0.3123 24.2250 
90 0.50 45.00 0.0385 3.4615 375.9 3.87 0.1873 0.3127 24.5377 

(Continued) 
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Table Dl (Concluded) 

h i,o th i,o R i O! l,rn 
psf 

6 i,a 
ft 

2.t i 
ft 

h 
e. i,m 

l,@ ft i ft ft ft - -___~ 

91 0.50 45.50 0.0385 3.5000 380.1 3.86 0.1869 0.3131 24.8508 
92 0.50 46.00 0.0385 3.5385 384.3 3.86 0.1869 0.3131 25.1639 
93 0.50 46.50 0.0385 3.5769 388.5 3.85 0.1865 0.3135 25.4774 
94 0.50 47.00 0.0385 3.6154 392.7 3.85 0.1865 0.3135 25.7909 
95 0.50 47.50 0.0385 3.6538 396.9 3.84 0.1862 0.3138 26.1047 

96 0.50 48.00 0.0385 3.6923 401.1 3.83 0.1858 0.3142 26.4189 
97 0.50 48.50 0.0385 3.7308 405.3 3.82 0.1854 0.3146 26.7335 
98 0.50 49.00 0.0385 3.7692 409.5 3.81 0.1850 0.3150 27.0485 
99 0.50 49.50 0.0385 3.8077 413.7 3.80 0.1846 0.3154 27.3639 

100 0.50 50.00 0.0385 3.8462 417.9 3.79 0.1842 0.3158 27.6797 

101 0.50 50.50 0.0385 3.8846 422.1 3.78 0.1838 0.3162 27.9959 
102 0.50 51.00 0.0385 3.9231 426.3 3.77 0.1835 0.3165 28.3124 
103 0.50 51.50 0.0385 3.9615 430.5 3.76 0.1831 0.3169 28.6793 
104 0.50 52.00 0.0385 4.0000 434.7 3.75 0.1827 0.3173 28.9466 
105 0.50 52.50 0.0385 4.0385 438.9 3.75 0.1827 0.3173 29.7639 

106 0.50 53.00 0.0385 4.0769 443.1 3.74 0.1823 0.3177 29.5816 
107 0.50 53.50 0.0385 4.1154 447.3 3.73 0.1819 0.3181 29.8997 
108 0.50 54.00 0.0385 4.1538 451.5 3.72 0.1815 0.3185 30.2182 
109 0.50 54.50 0.0385 4.1923 455.7 3.72 0.1815 0.3185 30.5367 
110 0.50 55.00 0.0385 4.2308 459.9 3.71 0.1812 0.3188 30.8555 

111 0.50 55.50 0.0385 4.2692 464.1 3.71 0.1812 0.3188 31.1743 
112 0.50 56.00 0.0385 4.3077 468.3 3.70 0.1808 0.3192 31.4935 
113 0.50 56.50 0.0385 4.3462 472.5 3.70 0.1808 0.3192 31.8127 
114 0.50 57.00 0.0385 4.3846 476.7 3.69 0.1804 0.3196 32.1323 
115 0.50 57.50 0.0385 4.4231 480.9 3.68 0.1800 0.3200 32.4523 

116 0.50 58.00 0.0385 4.4615 485.1 3.68 0.1800 0.3200 32.7723 
117 0.50 58.50 0.0385 4.5000 489.3 3.67 0.1796 0.3204 33.0927 
118 0.50 59.00 0.0385 4.5385 493.5 3.67 0.1796 0.3204 33.4131 
119 0.50 59.50 0.0385 4.5769 497.7 3.66 0.1792 0.3208 33.7339 
120 0.50 60.00 0.0385 4.6154 501.9 3.66 0.1792 0.3208 34.0547 
121 0.50 60.50 0.0385 4.6538 506.1 3.65 0.1788 0.3212 34.3759 
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APPENDIX E: CALCULATION OF SETTLEMENTS AT CANAVERAL HARBOR 

This appendix contains tables of data used for the calculation 

of settlements in the Canaveral Harbor disposal area. Ultimate settle- 

ment and consolidation as a function of time are included. 

El 



Table El 

Ultimate Settlement Calculations for Canaveral Harbor 

Disposal Area (e = 17.0 00 ; Gs = 2.70) 

h. 2.h Q 190 i,o i 2Q i CJ! 1.03 hi , 01 6i 03 , 16i 01 , 
i ft ft - - __ 

1 0.85 0.85 

2 0.85 1.70 

3 0.85 2.55 

4 0.85 3.40 

5 0.85 4.25 

6 0.85 5.10 

7 0.85 5.95 

8 0.85 6.80 

9 0.85 7.65 

10 0.85 8.50 

ft ft 

0.0472 

0.0944 

0.1417 

0.1889 

0.2361 

0.2833 

0.3306 

0.3778 

0.4250 

0.4722 

I 
psf e 

i903 ft ft 

0.6162 0.2338 

0.5039 0.3461 

0.4510 0.3990 

0.4160 0.4340 

0.3905 0.4595 

0.3697 0.4803 

0.3532 0.4968 

0.3391 0.5109 

0.3254 0.5246 

0.3145 0.5355 

ft 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

0.0472 

2.50 12.05 

7.51 9.67 

12.52 8.55 

17.53 7.81 

22.54 7.27 

27.55 6.83 

32.56 6.48 

37.57 6.18 

42.58 5.89 

47.59 5.66 

0.2338 

0.5799 

0.9789 

1.4129 

1.8724 

2.3527 

2.8495 

3.3604 

3.8850 

4.4205 



Ta
bl

e 
E2

 

C
al

cu
la

tio
n 

of
 

C
on

so
lid

at
io

n 
by

 
Li

ne
ar

 
Fi

ni
te

 
St

ra
in

 
Th

eo
ry

 

fo
r 

C
an

av
er

al
 

H
ar

bo
r 

D
isp

os
al

 
Ar

ea
 

t 
da

ys
 7 15
 

30
 

45
 

60
 

90
 

12
0 

15
0 

18
0 

24
0 

30
0 

42
0 

Ih
 

i,o
 

ft 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

8.
50

 

t' 
da

ys
 7 15

 

30
 

45
 

60
 

90
 

12
0 

15
0 

18
0 

24
0 

30
0 

42
0 

e 15
.6

 

14
.8

 

13
.9

 

13
.3

 

12
.8

 

12
.1

 

11
.5

 

11
.1

 

10
.7

 

10
.1

 

9.
6 

8.
9 

ii 
g 

ft 
ft’

/d
ay

 

7.
84

 
5.

8~
10

-~
 

7.
46

 
4.

3x
10

 
-4

 

7.
04

 
3.

 
1x

1o
-4

 

6.
75

 
2.

5x
10

 
-4

 

6.
52

 
2.

1x
10

 
-4

 

6.
19

 
1.

69
x1

0 
-4

 

5.
90

 
1.

40
x1

0 
-4

 

5.
71

 
1.

25
x1

0 
-4

 

5.
52

 
1.

11
x1

0 
-4

 

5.
24

 
9.

6x
1O

-5
 

5.
00

 
8.

7~
10

-~
 

4.
67

 
7.

8~
10

-~
 

T'
 

N 

0.
01

82
 

6.
76

 

0.
02

89
 

6.
76

 

0.
04

17
 

6.
76

 

0.
05

04
 

6.
76

 

0.
05

65
 

6.
76

 

0.
06

8 
6.

76
 

0.
07

5 
6.

76
 

0.
08

4 
6.

76
 

0.
09

0 
6.

76
 

0.
10

3 
6.

76
 

0.
11

7 
6.

76
 

0.
14

7 
6.

76
 

U’
 

“0
3 

6”
 

6’
 

U
 

yx
I- 

ft 
ft 

ft 
%

 

15
 

4.
42

05
 

0.
0 

0.
66

31
 

15
 

24
 

4.
42

05
 

0.
0 

1.
06

09
 

24
 

34
 

4.
42

05
 

0.
0 

1.
50

30
 

34
 

40
 

4.
42

05
 

0.
0 

1.
76

82
 

40
 

44
 

4.
42

05
 

0.
0 

1.
94

50
 

44
 

52
 

4.
42

05
 

0.
0 

2.
29

87
 

52
 

58
 

4.
42

05
 

0.
0 

2.
56

39
 

58
 

63
 

4.
42

05
 

0.
0 

2.
78

49
 

63
 

67
 

4.
42

05
 

0.
0 

2.
96

17
 

67
 

73
 

4.
42

05
 

0.
0 

3.
22

70
 

73
 

79
 

4.
42

05
 

0.
0 

3.
49

22
 

79
 

87
 

4.
42

05
 

0.
0 

3.
84

58
 

87
 



Ta
bl

e 
E3

 

C
al

cu
la

tio
n 

of
 

C
on

so
lid

at
io

n 
by

 
Sm

al
l 

St
ra

in
 

Th
eo

ry
 

fo
r 

C
an

av
er

al
 

H
ar

bo
r 

D
is

po
sa

l 
Ar

ea
 

t 
da

ys
 

7 15
 

30
 

45
 

60
 

90
 

12
0 

15
0 

18
0 

24
0 

30
0 

42
0 

Zh
 i,o

 
ft 8.

5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

8.
5 

t’ 
ii 

e 
da

ys
 

ft 

7 
16

.3
 

8.
17

 

15
 

16
.0

 
8.

02
 

30
 

15
.5

 
7.

79
 

45
 

15
.1

 
7.

60
 

60
 

14
.8

 
7.

46
 

90
 

14
.3

 
7.

22
 

12
0 

14
.0

 
7.

08
 

15
0 

13
.7

 
6.

94
 

18
0 

13
.4

 
6.

80
 

24
0 

13
.0

 
6.

61
 

30
0 

12
.7

 
6.

47
 

42
0 

12
.2

 
6.

23
 

3 
ft 

/d
ay

 

2.
3x

10
-l 

2.
ox

lo
-1

 

1.
55

x1
0-

l 

1.
27

x1
0 

-1
 

1.
08

~1
0-

~ 

8.
4~

10
-~

 

7.
2~

10
-~

 

6.
2~

10
-~

 

5.
2~

10
-~

 

4.
35

xl
o-

2 

3.
75

xl
o-

2 

2.
9x

lo
-2

 

T' 

0.
02

41
 

0.
04

66
 

0.
07

7 

0.
09

9 

0.
11

6 

0.
14

5 

0.
17

2 

0.
19

3 

0.
20

2 

0.
23

9 

0.
26

9 

0.
31

4 

U
’ 

yg
 6 10
 

16
 

20
 

23
 

28
 

32
 

36
 

38
 

43
 

46
 

52
 

A’
 

‘m
 ft 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

4.
42

05
 

6”
 

6’
 

U 
ft 

ft 
x 

0.
0 

0.
26

52
 

6 

0.
0 

0.
44

21
 

10
 

0.
0 

0.
70

73
 

16
 

0.
0 

0.
88

41
 

20
 

0.
0 

1.
01

67
 

23
 

0.
0 

1.
23

77
 

28
 

0.
0 

1.
41

46
 

32
 

0.
0 

1.
59

14
 

36
 

0.
0 

1.
67

98
 

38
 

0.
0 

1.
90

08
 

43
 

0.
0 

2.
03

34
 

46
 

0.
0 

2.
29

87
 

52
 



APPENDIX F: CALCULATION OF SETTLEMENTS AT MOBILE TEST BASIN 

This appendix contains tables of data used for the calculation 

of settlements in the Mobile test basin. Ultimate settlement and con- 

solidation as a function of time are included. 

Fl 



Table Fl 

Ultimate Settlement Calculations for Mobile Test Basin 

by Primary Void Ratio-Effective Stress Relationship 

(e = 10.0 00 ; Gs = 2.70) 

i - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

h i,o th i,o 
ft ft 

Q. 

ft 

0.958 0.958 0.0871 
0.958 1.916 0.0871 
0.958 2.875 0.0871 
0.958 3.833 0.0871 
0.958 4.791 0.0871 
0.958 5.749 0.0871 
0.958 6.707 0.0871 
0.958 7.666 0.0871 
0.958 8.624 0.0871 
0.958 9.582 0.0871 

IQ. o; o3 
1 3 c. 

ft ci,m psf 

0.0871 4.62 8.75 
0.1742 13.86 6.68 
0.2613 23.10 5.65 
0.3484 32.34 5.08 
0.4355 41.58 4.74 
0.5227 50.82 4.47 
0.6098 60.06 4.28 
0.6969 69.30 4.09 
0.7840 78.55 3.95 
0.8711 87.79 3.83 

h i,m 
ft ft 

0.8493 0.1089 0.1089 
0.6689 0.2893 0.3982 
0.5792 0.3790 0.7772 
0.5296 0.4286 1.2058 
0.5000 0.4582 1.6640 
0.4764 0.4818 2.1458 
0.4599 0.4983 2.6441 
0.4433 0.5149 3.1590 
0.4311 0.5271 3.6861 
0.4207 0.5375 4.2236 

i ft ft - ~ __ 
1 0.958 0.958 
2 0.958 1.916 
3 0.958 2.875 
4 0.958 3.833 
5 0.958 4.791 
6 0.958 5.749 
7 0.958 6.707 
8 0.958 7.666 
9 0.958 8.624 

10 0.958 9.582 

Table F2 

Ultimate Settlement Calculations for Mobile Test Basin by 

Secondary Void Ratio-Effective Stress Relationship 

(e = 10.0 00 ; Gs = 2.70) 

h i,o 1.h i,o Q. ZQ. 
1 1 

ft ft ___ ___ 
0.0871 0.0871 
0.0871 0.1742 
0.0871 0.2613 
0.0871 0.3484 
0.0871 0.4355 
0.0871 0.5227 
0.0871 0.6098 
0.0871 0.6969 
0.0871 0.7840 
0.0871 0.8711 

O! 
1900 e. l,W psf 

hi 03 6 

f; 
i,@ 
ft 

4.62 7.61 0.7500 0.2082 
13.86 5.42 0.5592 0.3990 
23.10 4.57 0.4852 0.4730 
32.34 4.13 0.4469 0.5113 
41.58 3.86 0.4234 0.5348 
50.82 3.65 0.4051 0.5531 
60.06 3.51 0.3929 0.5653 
69.30 3.40 0.3833 0.5749 
78.55 3.29 0.3737 0.5845 
87.79 3.22 0.3676 0.5906 

16i CO 9 

0.2082 
0.6072 
1.0802 
1.5915 
2.1263 
2.6794 
3.2447 
3.8196 
4.4041 
4.9947 
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